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The kinetic energy whose mean valve ie a6 follows per wit path for the considered 
ease Of the Goambridae Method of ewimming flows from the caudal fin inte the wake: 


(E) = ym (oa = Gomi PR) Vm, aa) 


(30) 


Further, let we calculate the Mean vaive of the pulling force determined by the 
pulses remaining in the hydrodynamic wake; 


neay + ][PAete(t- AEL)e—n+ 
+ Rv anf — eH P(E he) + 
7 el oe 


(me — (Pl + yi" —1)(-PY’ (33) 


Tt is then Obwiows that the mean active power is 


(32) 


(Ad) + (PNY me — Fm" (BL) + pt (pe 
x “(+ ~_ i+ - s) 


We find by simple calcviationse the mean expended power 


(N) = Emi (P' (4 i)(24 +1) (3) 


and the hydrodynamic efficiency for the case under consideration 








—8 = +e) (+ +8)- a |. -_ 








Raced on Limit theary 
iM (ye). 


The dependence of the hydrodynamic efficiency on the relative velocity of the pro- 
puleive wave travelling along « deformed body on the assumption of Seombridae and 
@ei fashion of ewimming is presented in Figure 2, Caleulations for the ee) method 
of ewimming were made by G. V. Logvinewich (3), Comparative analysie of the date 
presented in Figure 2 permite one to make the following conclusions, 


The hydrodynamic efficiency is lese with the Seombridae fashion of ewimming and at 
identioai vaives of relative velocities of the propulsive wave than for corre- 
aponding values with the eel fashion of swimming, Moreover, the maximum efficiency 
is reached with the ee) fashion of ewimming at relative velocity equal to wiity, 
whereas the corresponding maximum value with the Scombrida fashion of ewimming 
depends on the number of propulsive waves contained on the length of the body and 
on relative velocity of the propuleive wave greater than unity. 











Figure 2. Dependence of Hydrodynamic Efficiency ({n) on Relative Velocity 
of Propulsive Wave c/V Travelling Along Pish's Body: i--Scom- 
bridae and 2--eel fashions of swimming; a--number of propulsive 
waves contained on length of fish's body 


The efficiency in the Scombridae fashion of swimming with an increase of the number 


of propulsive waves approaches the corresponding value with the eel fashion of 
evimming. 


Thus, formulas (30)- (36) which link the hydrodynamic and kinematic characteristics 
of aquatic animale ewimming in Scombridae fashion, are found in final form as 4 

result of simple calculations. tet us use the data on the kinen..ticse of swimming 
of marine and freshwater fishes, obtained experimentally by V. Ye. Pyatetekiy and 
Vv. PB. Kayan [6-11], to analyse the numerical values of the hydrodynamic character- 
istics. The main geometric characteristics of the tested fishes required for the 








Calculations are alee presented in the mentioned papers. The values of the total 


thrust and the coefficients of hydrodynamic efficieney were caleuiated using «4 
computer. It was aseumed in the calculations that the total thrust during steady 


eviewineg ie equal © the teotel hydredynami drae of the aquatic animal, The co 
efficient of total hydrodynamic drag was determined by the formula 


J wn 


where & = ‘A)/V is the total hydrodynamic drag, 0 is the density of water, V is 
the ewlmming speed of the aquatic animal and © is the area of the wetted surface 
without regard to abdominal and doreal fine. Moreover, the values of Reynoide 
numbers were calculated 

Rew 2h, 


where v is the kinematic coefficient of viscosity of the liquid. 





sprang” 
at 











—ñ oo oo oe Be 


Figure }. Dependence of Hydrodynamic Efficiency (nh) on Relative Swimming 
Speed V/L of Fish: a--drum; b--trout; l--eel and 2--Scombridae 
fashion of swimming 


The dependence of the hydrodynamic efficiency {n) on relative ewimming speed V/L 
for drum (a marine fish) and trout (a river fish) is presented in Figure }. The 
efficiency was calculated on the assumption that the drum and trout swim in eel 
fashion, i.e., with constant amplitude of the propulsive wave travelling along the 
body (curve 1) and that these fishes ewim in Scombridae fashion, i.e., the ampli- 
tude of the propulsive wave traveiling along the body increases by linear law as 
this wave approaches the caudal fin (curve 2). Analysis of the movie films of the 
kinematics of ewimming of the drum and trout recorded by V. Ye. Pyatetekiy and 

Vv. PB. Kayan during experimental investigations, showed that the mentioned amplitude 
varies during motion of the propulsive wave along the body of the ewimming fish. 


Analysis of the data presented in Figure } permits one to make two conclusions. 
Firet, the values of efficiency calculated on the aseumption of the ee] fashion of 
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Figure 4. Dependence of Coefficient of Hydrodynamic Drag of Fish t on 
Reynolds Wumber Me. ji--e8) and 2--Seombridae fashion of ewie- 
ming: P< -turbulent and 4--laminar aodes 


evimming are always greater than the corresponding values determined on the aeeump~ 
tion of the Seambridae fashion of ewieming. oreover, the numerical valves of 
these differences are very significant. Thue, these differences comprise approxi - 
mately 10 percent for the drum at relative ewiaming epeed of V/L + 6-7 and they 
comprise 15 percent for the trout. Second, the dependence of the efficiency found 
on the assumption of the Scombridae fashion of swimming of the drum and trout is 
extreme in nature. Spreover, the maximur values of the efficiency coincide with 
“eruisine” values of relative speeds more typical for these fich. Cruising speeds 
comprise from } to 5 for the drum (in relative values to the 

and from 1.5 to 31.0 for the trout. One gust aleo keep the following concepte in 
mind when viewing the graph (Figure }). The given data were calculated for an 
ideal impeller, i.e., without regard to wiecous losses occurring as ° 
the work of the fich's caudal fin ae an impeller. ft is for thi 
efficiency has values comprising 0.85-0.90 in most cases. To estimate their real 
values with regard to viecouse losses, one must multiply the data given in 

by 4 coefficient equal to approximately 0.6-0.7. 


Special calculations of the efficiency of caudal fins of the drum and trot 
general in nature. The fact is that these conclusions remain unchanged 
qualitative sense for a1) 18 fishes examined. OGniy the numer 

coefficient vary somewhat (and even then not significantiy) for different f 
Moreover, the relative cruising speeds in the sense mentioned above for mullet and 
bonito, when the efficiency has the qrestest value, comprise 1.5-2.5 and 4-6, 


respectively. 


A graph of the dependence of the coefficient of hydrodynamic drag £ on Reynolds 
number Re on the basis of averaged data for four trout on the aseumption of ee) 
(curve 1) and Soombridae (curve 2) methods of ewimming, is presented in 

as an example. The corresponding dependence for viscous drag of the trout body 
were calculated by using boundary layer theory [12] on the assumption of complete- 
ly laminar (curve ') and turbulent (curve 4) steady flow over the rigid part of 
the fish body installed along the flow. 
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Figure 5. Dependence of — (t) and Guetion (Pf) forces for Trout on 
t 


Relative Velocity: j<=s0lid line; P--dashed line; i--ee! 
and 2=-Geormbridae fashion of ewimming 





The following aepects are noteworthy upon analysie of Figure 4 and the similar 
graphs. 


Firet, the coefficients of hydrodynamic drag of a fish are higher than the corre- 
sponding valves for the rigid body of a fish during steady flow and congiectely 
turbulent fiow. The coefficiente of the hydrodynamic drag of «a fich asymptotically 
approach the corresponding curve for a rigid body of 

ae Reynolds number increases. Thie variation of the dependencies can apparently 
be explained in the following manner. Measurements of the 
the flow of a biohydrodynamic tube in which the Kinematics of ewiaming of fishes 
was investigated, which were the basis for calculations of the hydrodynamic char- 
acteristics, showed that it comprises a very impressive vaive (several percent). 
Therefore, the ode of flow over a ewiaming fish at Reynolds numbere having valve 
of approximately 200,000 wae formed as turbulent flow. It should be said that this 
circumstance may not, 46 sometimes seeumed, significantly affect the kinematics of 
swimming of fishes, most of which ewim in « laminar or transient fiow under naturel 
conditions. As follows from Figure 4 (curves } and 4), the opefficients of hydro- 
dynamic drag differ insignificantly @uring leminar and turbulent flow (by 10-20 
percent) in the range of Reynolds numbers in which the fishes under investigation 
evin. 


: 
; 
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Second, the rather significant difference of the corresponding vwoefficients of hy- 
drodynamic drag is obvious. for example, the difference reaches more than 100 


percent at Reynolds numbers of appromimately 100,000. ft is difficul: mp lete- 
ly explain the latter circumstance only by the significant transient of the 
svimming motions of the fish under investigation at low epeeds. Act.» /ttentive 


observation possibie during testing of the fish in the flow of a biohy “o°ynamic 
tube shows that the oscillation amplitudes of the body decrease a]11 the time as the 
flow velocity increases ané consequentiy as the ewiaming speed of the fish increases 
and only the caudal fin oscillates at maximur speeds. Therefore, the cvef ficient 








of the hydrodynamic drag of «4 Tieh naturally eeympteticoally approaches « corre 
eponding value fer « fidid Bety during stead flew ae Reynoide number ineresces. 


At the came time observations of the ewlmming of fiehee in « biohydredynamic tube 
show that fish wevally empley the doreal and eapeciaily the abdominal fine 4° low 
speeds apparentiy to ereate stability of the bedy in the incident fiew, As epeed 
inereeses, the doreal and abdominal fine are veually broveht closer and closer to 
the fish's bedy and thue reduce hydrodynamic drag. if thie ciroumetance is teken 
inte account and aleo the fact that the additional area of the dorsal and abdominal 
fine was not taken inte account in the given calculations of hydrodynamic drag of 
fishes and of the corresponding coefficients, one can convincingly state that there 
is close agreement of the coefficients of hydrodynamic drag calculated, on the one 
hand, usine approsimate hydrodynamic theory of ewimming of aquatic animals, and, 
on the other hand, useing boundary layer theory. 


The following circumstance must be analyeed. Some authore do not take into account 
the suction foree calculated in Soambridae fashion of ewimming by formula (30) in 
theoretical investigations of the hydrodynamic characteristics of aquatic animals. 
Actually, it follows from the general expression (4) for the element of suction 
force that thie value has the order of the derivative of the semiamie of the trans- 
verse section of the fieh's bedy along the longitudinal coordinate. However, it 

is assumed in the theory of a thin body, which was used when analysing the hydro- 
dynamics of ewimming of aquatic animale, that the mentioned derivative is 4 second- 
order value of emaliness and ic usually dieregarded in calculations. ft is there- 
fore of interest to analyse the data on the comparative value of the suction and 
pulling forces. These calculated data found by formulas (30) and (32) for the 
trout are presented in Ficure 5 a6 a function of the relative ewimming speed. They 
indicate that the suction force in the range of relative speeds from i to 6 are an 
order lese than the pulling force. Moreover, thie conclusion does not depend on 
the assumption that the trout ewime in eel or Scombridse fashion. It should be 
noted that similar conclusione were found for all of the investigated fich. 


Thus, the hydrodynamic theory of aquatic animals ewimming in Scombridae fashion, 
developed in thie paper, permite one to analyze rather simply the ewiaming effi- 
ciency of some fast~-ewimming river and marine fishes. 
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{Article by 8. 5. Rertovekiy and T. G. Puchkova, Irkutek State University) 


(Text) Development of the aerohydrodynamice of previously deformable besring com- 
ponents (WE)--profiles, wings. bodies and 60 om--is of theoretical an’ practical 
significance since it is related to the development of one of the trends of transi- 
ent aerohydrodynamics of bodies and to research in bionice and the dynamic stabi l- 
ity of the designe of flexible MF. Papere are haown [4, 6) in which the problem 
of thin previously deformable profiles is studied analytically on the assumptions 
of emall perturbation theory. Moreover, these materiale (4, §5, Chapter 6) are 
only conditionally related to research on prescribed deforms’ ions. Real objects 
have a definite solid nature and therefore it is desirable to mow the properties 
of at least echematized models of these objects. 


The transient problem on previously deformable bearing components in a plane flow 
is studied in the proposed paper. The investigation was carried out on the basic 
of the approach outlined in [1) and on the basie of consideration of deformations 
of the travelling wave type with generalization to solid bearing components. The 
main apparatus of the investigation was the theory of acceleration potential [5). 
The method of solution sharing by the structure of th square of the operator 

of the relationship of the velocity potential to the acceleration potential in 
emil perturbation theory (2), which is a development of methods of solution- 
sharing (4, 5), is used for effective construction of solutions. The results of 
steady end transient theories of rigid bearing components follow as maximum cases 
of the solutions found at ky = 0 and Ry = 0. 


1. A previously deformable thin profile. Let us consider flow over a thin flex- 
ible profile S, deformable by given lew, moving horizontally, uniformly and lin- 
early at velocity Vo in a limitless quiescent ideal incompressible homogeneous 
fluid at a sero edge angle of attack a@ = 0. 


Let us introduce the rectangular coordinate system xOy bound to the WE, the x axis 
of which we direct along the main motion and the y axis of which we direct verti- 


cally upward. 


Let us write the equation of a thin deformable profile in the selected coordinate 
system: y = f (x,t) and let us write the boundary value problem of flow in terms 
of the acceleration potential: 
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VO, 0+9, pow, 
105) pag = OF (4, 9, J— 8. “a) 
(Oj=0, sea. 
O=0, (<h, 





where p = pix, vy), OL = 788 = Vol O/Om) and of 5 
profile onte the « amie, 0 ie the region by the fluid and ft is the time 
interval. 


Formally, the solution of the poetulated problem (1) ise given by the operator of 


a double layer [5)--0 = AY. [te properties and the boundary condition of flow over 
a thin deformabie profile permit one to construct the integral equation 


Ayy = Di} x... 2 € Sy, 


te 10.0 ae =| Fe - ae + Whe) 0. (2) 


=@ 

where the integral of the left side of equation (2) ie underetood in the sense of 
(5) and 9 ie the intensity of the characteristics in the space of the acceleration 
potential 


Based on the method of decision-sharing by the structure of operator Df (2), let 
us represent the solution of equation (2) as the ou 


T= + te > te (3) 
where Y> * Yo, * Yo2 4m4¢ Yi al is the regular solution which takes into account 
irrotational effects, y 2) af are regular solutions which take into account rota- 
tional effects and y; af is a singular solution which takes into account rota- 
tional effects. 

We note that equation (2) permite one to find only requler solutions [5]. Accord- 


ing to (2) and (3), we find « number of integral equations of firet kind to find 
regular solutions 


He | HG 0hpr =O. t0 0, ami, 21, 22. (4) 


the known specifics of singularity a = 2 in equations (4) leads to the need to 
reduce the singularity by using operator 
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where ‘, je the intensity of the singularities in the epece of the velceity poten 
tia). Thee, @ funber Of singular integral equations of firet Hind with « Cauchy 
hernei ie found, We find solutions of yainh = 1, 21, 22) Of equations (5) by weine 
the inversion operater |?) 


4.4,44¢C_W (6) 
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provided that 
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The singular solution vy») is found in the epace of the velocity potential from the 
equation 


MAM = Dd (x. 0 — NAY (yy, * Yn + tds (®) 


where % = Dj's found from solution of the corresponding boundary value problen. 





2. Oeformatione by travelling wave law. The foregoing is valid for arbitrary 
prescribed ilawe of emall deformationse--periodic and aperiodic. Let us consider 
prescribed deformations of the travelling wave type, i.e., 


iw o=—re™, 


where 5 is the amplitude of emell deformations, w = 2% is the circular frequency, 
R= 27/) is the wave number and | is wavelength (the symbol + indicate motion of 
the travelling wave along and opposite the flow, respectively). 


Thus, the process under etudy is transient in time and epace and, moreover, is 
periodic, i.¢@., one can that all the variable characteristics depend on 
time ac Pix, t) = Bixde and the initial condition in the boundary valve proble 
(1) is eliminated since 


For generality of the investigation and of the results obtained, let us turn to — 
a standardized coordinate © stem, introducing the transforms « = ak, y = af and t + 
* Vot/a, which yield Dy = (Vo/a)B, and Nig, = (a/Vo)iip, 


By = = ——. on | \¢r, fmaf, Smad, 
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The boundary Value prebiew (1) eeeunee the form 


a. hm, £60, lel m, @) 
Ob b«o pow, 
(Gpheag NG. tell +O 

(ea) =o , . oe 


ee ee 


and the integral equation (2) with regard te (6) aeeumes the form 


He Fk eB = ene rete — page 


Reducing by ef Ft ana omitting the indices of sormaligation, we find 
de feo = ete a a — ao 


where ¥ is the amplitude valve of y. 


Thus, equations (5) change in the considered case to equations 


| iO hy ond ss, 


where ¥, is the amplitude value of Y,, 


Nn y(t) = 


Ny, Dy, (0) — Dihte™™, 
. Nagy Dog (0) = UR, 
Solutions Yn € 8 of equations (11), according to (6) have the fore 
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tion of the shape of # thin “rigid” ma so. is the equation 
of the shape of some thin previously a⸗ rorable 224 ig ~~, equation of the 
shape of the upper boundary of @ Suiid “rigid” MB~=84> > Ss Ses © 

sof the urper boundary of some solid previouely NE = Ae 

and (27), two cases are possible: f)) * on and fi) # * to 

which canteen profiles of fined and variable thickness cross-sectional area. 


Investigation of the aerchydrodynamice of « solid previously deformable profile in 
@ limitiesse fluid in the case of variable thickness reduces to study of two inde- 
pendent probleme: the problem of flow over a thin previously deformable profile 
So located at % # 0 and the problem of flow over 4 solid, symmetrically deformable 
profile 64, having 4 straight mid-line located at edge angle q equal to sero. ach 
of these probleme is broken down into pairs of independent probleme: 1) the 
problem of flow over a thin “rigid” profile foo and « thin previously édeformabie 
profile 8) and 2) the problem of flow over 4 solid symmetrical rigid profile 84 
and 0 eolia symmetrical previously symmetrically deformable profile 8), which are 


arranged at a, * 0. 


The investigation ie simplified in the case of a profile of fined thickness and 
problem (2) reduces to 4 problem of flow only over @ rigid profile B40. 





(27) 





it 
; 









formally, solution of boundary valve problem (22) is given by the eum of operators 
of simple and double layers [5): 


OAT + Ay. PED. * 


The properties of operators (28) and the boundary conditions of flow ower a solid 
profile reduce to two equations: 





i + Agy = Fix, 0. 


i — — 
+ =F. 
TitAny =F («. o. on 


where - - 
Aagy = iim Ayyy 
— 
The sum and difference of equations (29) yield an integral) equation with respect to 


¥ and the relationship for determination of j. 
Ayy = F(x. 9, 











i= —([F (x, 0) (3a) 


where 
Te 


Fg Fm PLP, Fe ly P= Oly Ace. Fo 


wm Oh lle i= —Dil/, — hi. 


Thus, the structure of | in the transient problem, similar to the structure of y in 
(3), ie determined by several effects, which in turn determines the nature of the 
preseure and force componente caused by the solid angle of the deformable profile 
in 4 Limitiess mediw., 


Por illustration let we consider the especial case--an initially nondeformable sym- 
metrical profile located at @ = 0, 1.@., 19 = =f99, ‘Then, with regard to 2) and 
24, the integral equation (30) will have the fore 


hey = — F184, = Ry OP + Bk ae Ry rth), (32) 
and expression (}1) aseumes the form 
— Rint) + 6, (hy = Ry PEM” — 8 ih, a RAM, 139) 


which permits one to determine the nef along the profile in the symmetrical 
part of the probles. Moreover, 7 = Ke * , Where Yo * -2fj9(x) is the steady and 
WAA-.-, 44 , xe ee S ‘the right 49 (32) permite one to 
find the solution of the equation as the eum . Thus, we 
find two integra) equations vie, Om Dyn 


Ay” = — 5 bait 1, +1), mm, 2, 


similar to equation (10), i.e., the problem broke down into two probleme on travel~- 
ling waves on thin profiles for which the solution was already found in paragraph 
l and, consequentiy, there is a solution of the problem under consideration 


+! 

— =F » J 
a led Ce A Raa 

— Ba (eg F Reg) [ilo (Reg) 2 1s (RadIC (DF 1, (Red) Va|~ : 


Thus, in the case of f)9 * -f99, the problem of « closed profile previously defore- 
able due to its own boundaries in a limitless mediwe reduced to one of two super- 
imposed travelling waves at a = 0 and to the problem of 4 closed symmetrical 
symmetrically deformable profile located at a, = 0, permeable in the general case, 
Which does not correspond to the boundary conditions of flow of boundary value 
problem (22). 


There are apparentiy two methods of eliminating thie nonconformity. The first is 
t©® supplement the boundary conditions of flow over an WE by terms which take into 
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account the permeability of the closed profile from the bottom and top, which in 
the case of solid boundaries is relatively simple, but requires additional in- 
vestigations with regard to the effect of permeability on the bearing properties 
of the profile. The second is to establish conditions for the parameters of trav- 
elling waves in which the condition of nonpermeability is fulfilled, We make use 
of the latter below to determine 4 number of special cases of nonpermeabie pro- 
files. A more general approach is also possible=--removal of the condition of the 
closed nature of the profile. 


On the whole the problem under consideration describes a number of cases formed 
by combinations of parameters ky and Rh, including cases of eel-like, travelling- 
pulsating and “flapping” motions, and is easily generalized at ay, # 0 and specif~- 
ically at fi9 = -f90. 


A generalization of the probleme considered in paragrahe 1-} is the problem of a 
solid profile previously deformable due to deformations of ite own initial boun- 
daries and the initial mid-line, which yields 


"= Mt (35) 


where Aff are the prescribed deformations of the mid-line. This case leads to 
consideration of the asymmetrical problem on three superimposed prescribed forms 
of deformations, specifically of travelling waves, and does not alter the symmetri-~- 
cal part of the problem. An additional possibility of controlling the saerohydro- 
dynamic characteristics appears in this case due to the appearance of y'?) and of 
the parameters contained in it. This generalization is equivalent to some problem 
with deformations only of the initial boundaries of the profile and namely: 

fy = fjo * £4, * Afyy, where 


4f,, = Aly. (36) 
i.e., AEF = Afs, and Aff = 0 in (35). 


The case of deformation of only the mid-line of a solid profile is also of interest. 


4. Conditions of permeability. The case of a previously deformable closed profile 
of variable thickness and cross-sectional area, to which the presence of permeabii- 
ity of the profile corresponds, was investigated in paragraphs 2 and }. Let us 
determine cases of an inpermeable profile, as that required by boundary value prob- 
lem (22), i.@., let us determine what parameters of deformability impermeable pro- 
files should have. 


Cince an incompressible fluid is being considered, two types of criteria of imper- 
meability--qeometric and hydrodynamic--are possible. The geometric criterion of 
impermeability consists in the requirement of constant values of cross-sectional 
area (of profile) in plane problems or of the volume of a body in three-dimension- 
al problems. The hydrodynamic criterion requires that the total abundance of 
source distribution--flows--which simulate the solid angle--be equal to zero. 


In the considered case of f19 = <f559 and £1) # £5), the firet criterion yields the 
condition 











Se cos byt si R + cos Ay sit Ry me 0 (99) 


~ ne FLA > 0 and > 0, then at & # Sp, ky # he and Ry # Ry, the condi-~ 
tions of 244 1 from (37) 

sin R, = 0, ink, =O (™) 
or 


where #® # © in the General case, Conditions (38) and (39) are equivalent to 
conditions 


Nam hep (40) 


Which denote “hat whole numbers of travelling waves j, should be added on the geo- 
metric chord of the profile, i.e., the epecific range of wavelengths is determined. 


The second hydrodynamic criterion of impermeability has the known form 
| xe, Od = Onherez (x, H = —D,[/, 2, O— fe, 0) «(Im the case under study 


=! 


tix, O=l— () — ell — 1% > Ry beeen” + i(k, = Rd xa serene, which yields the 


condition (with appropriate selection of tao and f99) 
(h, = Ry 60°" sin R, — (h, F RYO cin R, = 0. (an) 


eqvivalent to condition (37) and conditions (38)-(40) which ensue from it. Various 
special cases follow from comfition (17) and (41). 


Jeneralization of the problem of the solid profile previously deformabie due to 
ite own initial boundaries for the case of prescribed deformations of the mid~) 
does not alter the conditions 0° impermeability since (36) corresponds to this 
proble. 


5. Lifting force and aoment. The total serohydrodynamic characteristics for 4 
previously deformable impermeable profile are determined by formulae (18) and (19) 
and in the case of prescribed deformations of boundaries and of the mid-line at 
fio * -f90 are described by the equation 


’ 
Ym — npn |S 8a ttn Read Lily Re) 1 (Rad (he) Nad) — ge, 
nA + 2 (hy RCW RY) eI IRIIC UA) te 1 (RQ), 


and epecifically, for a, = 0 


; , 
M, = — poe |S aes Rad (lily (Ra) & 1, (RNC he) F 1, (Re) —« 








wi tn Re (ay) + Oty iby Ry) (Lilo) (RVC IA) 
ei a ae —BRM (43) 


Prom (42) and (4)) we find coefficients and mg and the coordinates of the pointe 
of application of equivalent loade of different nature. The latter is necessary to 
investigate the problem of thrust. 


6. Remarks. The problem of previously deformable thin and solid profiles, specif- 
ically deformable by laws of travelling waves, is studied in the paper on the ae- 
sumptions of email perturbation theory. on the method of solution-sharing 
with respect to the etructure of operator Crt 1a * 
gating probleme for previously deformable solid bearing componente and precise 
analytical solutions of integral equations of a thin flexible profile and a solid 
profile previously deformabie due to ite own initial boundaries~-transient distrib- 
uted characteristice--were found and analyzed. The problem is generalized for the 
case of prescribed deformation of the initial mid-line of the profile. The condi- 
tions of impermeability of 4 solid profile previously deformable according to lawe 
of travelling waves were constructed The total transient serohydrodynamic charac-~ 
terietice were found. The resuite of steady and oo 2 
file follow from the resuite of the paper a6 special 
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THE PROBLEM OF SWIMMING OF FIGH 
Kiev BIOWIKA in Russian Mo 12, 1978 pp 22-93 


{Article by §. &. Gvoedkov, &. M. Zil'bershteyn and ©. V. Mikiyaeva, Voronesh 
Polytechnical Institute) 


(Text) The dynamice of motion of aquatic animals and fishes has long attracted the 
attention of investigators. However, as can be seen from a recently published sur- 
vey (}), there are as yet no sdequately precise cmcepte on the mechaniem of the 
interaction of the fish's bedy with che fluid medium during motion. At the same 
time it is clear that optimum mecharieme of body~fluid interaction should be de- 
veloped during evolutionary deveiopment of organiems. Thus, the motion of fish is 
@ complex process of optimum interaction of a multilevel system with the external 
environment. Unfortunately, the dynamics of the systems of organiems is insuffi- 
ciently developed and therefore it is still impossible to solve the complete prob- 
lem of the motion of fish. One is usually dietracted from internal self-control of 
the organiem and the attention is concentrated on the external hydrodynamic inter- 
action of the fieh's body and the fluid, simplifying in this case the concepts on 
the shape of the fish's body and ite external organs of locomotion and the viscous 
effecte in the fluid are sometimes disregarded. 


fuisting approaches of describing mechanieme of ewimming utilize analytical ideas 
constructed with respect to probleme of the transient vortex theory of a thin wing 
or the source theory of a body [4, 5, 610). Both of the indicated analytical 
methods of serodynamice yield approximately identical valves for the force of 
thrust of 4 model of 4 moving fish, but these methods are still hardly edaptabile 
to descrigtion of the sechaniems of interaction of the fieh's body and the fluid 
medium. Specifically, it is unclear which parameters that change the shape of the 
model of the body of an aquatic animal have a more significant effect on the thrust 
and energy of motion. 


Thus, 4 low-asepect wing or even simpler, an oscillating plane fin wing moving in an 
ideal fiuid, can be used in the moet simplified postulation a6 4 model of 4 moving 
fish. Obviously, 4 low-aspect wing is a more suitable model. However, one should 
bear in @ind that the model of 4 plane wing, on the basie of the hypothesis of 
plane cross-sections, is an integral part of a wider model of a finite-sepan wing. 
The parameters which optimize the thrust of « thin wing will also apparently opti- 
mize the thrust of 4 low-asepect wing. There are similar methods of calculations 
using 4 computer for calculating the thrust of 4 plane profile [4, 5), whereas 
methods of calculating the thrust are such more complex for 4 low-aspect wing and 
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require development of the suitable algorithms for computer application. All the 
foregoing led to the adoption of the simplest model of a fish--a plane wing--for 
analyzing in first approximation the effect of bending parameters on thrust. 


The resuite of applying an algorithm [2) developed for transient motion of a thin 
wing to calculation on a digital computer of the thrust of a profile which simu- 
lates 4 swieming fish are presented in the given paper. 


The main method of locomotion of fish in water is so-called undulation swimming-- 
bending of the body in which the deformation wave travels from head to tail. Two 
extreme conditions are possible: eel-like (the wave amplitude is constant along 
the body) and mackerel-like (the wave travels along the extremity of the body to 
the tail). 


The results of calculating the thrust coefficient for eel-like swimming conditions 
of a model using experimentally established parameters for bluefish are presented 
in the paper [6]. The calculating algorithm was calculated under the following 
conditions [2]: 





1. The initial motion of a thin profile which simulates a swimming fish is as- 
sumed steady and accomplished at velocity V°(s, to) with respect to the reading 
system in which the fluid is quiescent at infinity. One can then determine the 
initial vorticity yi(s, to) at the points of the profile 1 from the condition of 
nonflow of the fluid through the profile 


inf ae eee Me 9]]=0 a) 


where « is the point of the profile, 1 is the length of the moving profile and 
Z, © is the angle between the tangent to the profile and the x axis. 


2. For numerical calculation the profile is divided by points o, into N equal 
segments with length ¢ = 1/N. The vortex layer with continuous intensity y(co) on 
each segment 044) - 04 is replaced by the total discrete vortex located at its 
center of gravity 24, while the condition of nonflow is placed at point 2, where 
the normal velocities induced by the continuous vortex layer of segments and the 
system of discrete vortices are identical. It is noted [2] that the position of 
the coordinates of points 2 and 29 On segments of the profile of a thin wing is 
hardly dependent on the type of shape of the profile, but it may be assumed fixed 
for the division when N > 15. Equation (1) then forms a system of linear algebraic 
equations for intensity " of discrete vortices 


im [Sats ~\ er |}=° (2) 


3. In time the motion of the profile becomes quasi-steady and a free vortex layer 
then comes off its trailing edge. It is further assumed that the generatrix of 
thrust with subsequent average motion provides motion of the profile. The ele- 
mentary segment of the flowing layer is assumed linear at the moment of departure 








and oriented by the rate of departure. The discrete vortices equivalent to a 
free layer are regarded at discrete moments of time ty, by steps of development 
tne, ~ ty 48 determined by the condition tye) ~ ty = 6/U(t,), where U(t,) is the 
relative velocity of the flowing layer at the point of departure from the profile. 
The centers of the vortices equivalent to the free layer at the moments of de- 
parture correspond to their position on the profile prior to departure and then 
shift to the middle of the segment by step n > (1/2)N. The points of nonflow are 
transformed in the free layer to points of continuity and approach the centers of 
the distances between adjacent vortices. 


The intensity of the system of vortices |, and y, on the profile and in the wake 
formed by the end of the n + 1 time step and also the intensity of the vortex 
formed during this time step is determined from the linear equations 


~ < 
— | ae ie es Pe +¥ tng) 
o-! bot 


w P (3) 
2 rt.) + Yau ™ > Pn (ty). 
a=! 


The coefficients of system (3) are calculated according to the law of variation of 
the profile and its motion. 


4. The thrust of the profile consists of the resulting pressure along both sides 
of the profile added along its components of length and suction force. The coef- 
ficient of pressure Lon step n, found by relating the force of total pressure to 
(1/2)ov21, is by the expression 






* 
ae > P, [0,, (x) — &, (On) + Qn» (4) 


umonnloreae| i aed} 


Q is a term determined by contribution of the n-th step to the value of the coef~- 
ficient of thrust, determined by variation of the intensity of vortices on the 
profile. 


The coefficient of thrust of the suction force of??, according to (2, 7], after 
being related to (1/2)pV21, assumes the form 


hm $5 (rv — ry. - 


where 6 is the angle of inclination of the profile at the leading point and [) 
and Ps are the intensity of the vortices on the first two segments of the profile. 
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Some procedure Of establishing the conformity of the are coordinate «6 and coordin- 
ate x is introduced for the calculations. The velocity componente at pointe k 
(pointe of nonflow), formed by a singular vortex located at point , are then 
determined. These values are coefficients at unknown values of [4 in eystem (2) 
Caleulation of [, and ys of system (3) isprepared in similar fashion. The contour 
of the profile was divi in 15 parte and 30 time etepe were considered in sub- 
sequent motion. 


The program of calculations consists of two parte. The initial values of discrete 
vortices on 2%) are found in the first part and the values of [y on each time step, 
the thrust and total coefficient of thrust are found in the second part. 


The calculations were carried out for deformations of a profile which simulate 
eel-like motion in two modes: 


I. y = A sin (ae - wi). (6) 


2. y = Ax sin (ex — ol). (7) 


The initial (dimensionless) parameters contained in (6) and (7) were assumed, ac- 
cording to mean experimental data of (6), as follows for the bluefish: A = 0.066, 
ko * 27/\o = 8.4, WO * Coke * 12.35, where Ag and co are the mean length and 
velocity of the deformation wave of the profile, respectively. The calculations 
were carried out on the ™-222 computer. Approximately 30 minutes of machine time 
was expended to calculate a single value of Cr. The calculations showed that both 
the suction force and the pressure on the profile, by retaining the sign, fluctu- 
ate by time steps. The coefficient of thrust has a greater value during the first 
steps, then, decreasing, approaches the value indicated in the table by the 5th- 
10th step. The value of Cr fluctuates for mode 1 during initial time steps and 
decreases monotonically for mode 2. 


Values of Or 











6% 
= | 3 | ’ | “9 ? | 5 
3 0.0m - - 0.1“ 0,018 
23 0,070) (0. 184) — - - 
0,070 0,016 = — — 
1 - — 0.0m 0,10 0,312 
! — 0. - = 
Som 0 00? = 
3/2 0.7» — — 0.005 0.013 


The table of values of coefficient Cy, established during the final time steps of 
calculation with variation of the value of wavelength and the rate of propagation, 
is presented. 


The values of Cr for mode 1 are indicated in the parentheses in the table. The 
values of Cr are close to those found for a thin body in (5, 9, 10] for mode 1 at 
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\fAn = e/eg * 1. There is 4 twofold increase of Cy with “normal” rate of deform 
tion (© = 69) and truncation of wavelength @ * (2/3)\, and also with “normal” wave- 
length (A = Ag) and with an increase of the rate of deformation (c = (4/3)e9), 
While one-time truncation of wavelength (, = (2/3)Ap) and an increase of the rate 
of deformation lead to a fourfold increase of the thrust coefficient. 


The value of Of decreases by 1.5 orders in mode 2 for c/eg = A/Ag * 1 compared to 
the value in mode 1, and at 4 = (3/4)A, coincides with the value for mode 1 at 


e/eo e 0 * l. 


The effect of variation of wavelength and rate of deformation on the thrust coef- 
ficient is noted inboth modes and the values of Cy increase at wavelength of A < Ao 
with an — why F ALS. (2/3)e9 < © © Go, revealing a tendency to 
form 4 maximum at ) = (1/3)Aq and a minimum at ) = (3/2)Ao. 





The values of Cy significantly exceed those at c/eg * A/Ag = 1 at fixed rates of 
deformation in the range of (4/3)c9 < ¢ < Jeo and wavelengths A > Aj. 


Thus, the thrust coefficient depends on the relationship between wavelength and 
rate of its motion along the profile in eel-like motion in modes ) and 2. Obvi- 
ously, there are optimum modes of bending of the profile in which the thrust co- 
efficient significantly exceeds the values found in (5, 9, 10). 
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THE PARAMETRIC METWOD OF INWTRORATING EQUATIONS OF MOTION OF A TURBULENT FLUID 
Kiev BIONTIFA in Russian Me 172, 1978 pp 26-3) 


[Article by Yu. 7. Sorehohevekiy, A. 0D. Dyechuk and £. 8. Litvinenko, Voronerh 
Polytechnical tnetitute) 


(Text) 1. Pollewing (1-3), solution of the eyetem of equations 


25424 (ay 


a0 i, j=l, 2, Bh (2) 





1 = imei, a, ==, = 4. pe 4a 
. ef % 


* 


(where, besides the generally accepted terme, © ie typical frequency and the tilda 
is 4 sign of Gimensionality) for a etrongly sheared flow can be represented in the 
fore 


am 
eat (¢ = ¢, -- Im ine, — @). (3) 


where parameter ‘" is determined from 


0 Fe he Ol x, 6, (4) 


Cj and cp are integration constants f.(x, t) is @ function of the distribution 
density of pressure fluctuations and Six, t) is a unit functional. ng to 


(3), components vy(x, t) are determined with accuracy up to componente i (a, t) 
of isotropic turbulence. 
2. At oy = 0, based on (3) we have 
i 
= — Ins S ($) 
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It is obvious that the vertical velocity component of the fluid immediately ad- 
jacent to the surface is known during evolution of the depression on the surface 
due to the effeet of p': 


0) =, 2 (14) 


The velocity componente v, (h) and vp) (h) approach sero, i.e., they have «4 higher 
order of emalinesse. If the pressure pulee in the fiuid is sufficient to cause 
surface deformation, a wnique “expulsion flew” should inevitably ceeur upon form 
tion of the depression which will be superimposed on the entire flow at n5 > 0. 

in thie case one must take inte account when determining parametric function " that 
the movable surface of any of the depressions of « boundary surface should be re~- 
garded as 4 movabie system of sources Which induces “expulsion flew” from the view- 
point of hydrodynamics. Therefore, the following expression is valid for the fiow 
of an n-th depression on 4 surface (4) 


waren (arf as 


where (x*, t*) are the four-dimensional coordinates of a movable surface 6, 

r= |x « «*| and @ ie the angle between vector sk* and the normal 4 to surface © 
at point «*. tm our case density is given by expression (14). The density on an 
arbitrary sovabie surface (for example, on the surface of a deformed bubbie) is 
determined by using the integral Volterra equation 


Oh — OC) + — * 
· 4 


hased on the principle of superposition for a “expulsion flow” induced by a systen 
of ® transient perturbation sources with movable boundaries, we will have 


(16) 


” 
dg” = & — Im in [] , — 4,) (a7) 

and accordingly 
i = — —7 (18) 


4. The solutions found above determine only the “vortex” component of the velocity 
field of a turbulent fluid. T describe the flow field directiy in the wail region 
of the boundary layer, one must determine the «till “laminar” velocity camponent of 


the fluid on the elastically deformable wall. Satisfying the condition of adhesion 
on the wall, we have 











Figure i. Diagram of Formation of Diecharges During Motion of Turbulent 
Fiuid Over Rigid (a) and Blastically Deformable (b) Surfaces 


0, = hay, + (Av, — ae 


where fv). is the vortex component of the velocity vector induced by the vortices 
distributed above the separation surfaces adjacent with respect to the resulting 
surface, ie the addition to the vortex component due to the mobility of 


local sections of the boundary surface and k is a proportionality constant. The 
function 60 related to pressure pulees ie determined from the equation 


a P+5R- Sp tun ganas, 20 


in which ‘(=, t) ie a wait delta-function concentrated on the vortex surfaces 
Gi, t). When solving equation (20), Let us introduce new variables 


e = %, &- =. Lh (21) 


(where ¢ as before is an analog of the velocity potential, Avy = 39/8%j, ) = 1, 2,3) 
by means of which equation (20) reduces to the following 


0B + RF -Geowo (22) 


Solution of thie equation, which satiefies the condition of adhesion to the wall, 
has the fore 


. v (23) 
wa '— fle row a 


Since transverse velocity vj) decreases due to the contribution of Av}, the follow- 
ing expression should be placed in thie expression according to (20) and (21) 


© &) = Se (04) — de" (40). (24) 
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where the asteriak denotes the value indveed due to partial surface mobility. At 
Awt = 0, i.e., in the absence of movable sections of the boundary surface, function 
@ & changes to « solution for an ordinary boundary layer. The following transform 
ation is possible [2]: 


Ae? (d0}) = Ae" ®, bmw!” ay (i ean” (25) 
Therefore, we can write 


©) = | — orl t-expi— / (n). (26) 


where fin*) is some function, the type of which depends on the solution for (12), 
As a result, for the profile of the longitudinal veclotiy of a fluid moving above 
an elastically deformable surface, we find the formula 


422 om hex, (1 — 0") + (0, — Semin (c, — ger” (27) 


In thie formula the value 
0 he, (1 er) + (c, +e, lg pertt — 


is the velocity component in an ordinary turbulent boundary layer ving above a 
rigid surface. The constants in (28) are universal: k = 0.4, o2 = 5.2 and oj * 
5.75 and for an averaged flow <= 0.08 a5. According to (18) and (24), one can 
aleo state that <fi(n*)> = const-Re, where Re is Reynolds number. in this case for 
the drag coefficient ep for the case of motion of a flow along 4 plate on the 
basis of (27), following [5], it is easy to find the expression 


€ = 0,427 (ig Re — 0407 * ee ey 7 (29) 


which may change to a formula for ep in either the laminar or turbulent flow mode 
over an elastically deformable surface under corresponding conditions. 


We note that the Re number in (29) is compiled by the digtance from the leading 
edge of the plate and the averaged contribution of <in(ey - "*)> ie disregarded 
due to its smallness. 


The values of coefficient cp, found by using (29) at cy = 68 x 10°78, are shown in 
Figure 2 (curve 3); the presence of a transition region for an initial rigid sur- 
face was taken into account when constructing the left branch of thie curve at 


Re <10’, The experimental points on this figure were borrowed from the paper of 
M. O. Kramer (6). 


A velocity profile oi, constructed by using (27) for an elastically deformabie 

surface at Re = 16-106, is shown in Figure 3 (curve 3). Profile 9), which satis- 
fies formula (28) (curve 1), profile 9, for a polymer solution (curve 2) and pro- 
file v, for 4 laminar flow (curve 4) are shown on the same figure for comparison. 
The formula for cp», upon consideration of flow in a tube, unlike 29, has the fore 


ag = (tg Re VE, — 0.816“ +c, ROVE, (1 —e=™) (30) 





























Figure 2. Orag Coefficient Cp: | and 2--during turbulent and laminar flow 
over a flat plate, reapectively; } and 4--emperimental curves for 
a cigar-shaped body with rigid and elastically deformable surface, 
5--accerding to (29) for an elastically deformabie surface 


The latter formula has the same properties ae (279) and both (90) and (29) indicate 


an “automodel” elastically deformable surface may contribute to 4 significant 
reduction of frictional drag due to partial extinction of turbulence. 





Figure }. Velocity Profiles in Wall Layer: i--sccording to (28) for ordin- 
ary turbulent boundary layer; ee motion of « polymer solu- 
tion with concentration 6 « 2-10°° g/em?; 3--according to (27) 
for an elastically deformable surface at Re « 16-10%, 4--profile 
4% * By 


To take into account the relaxing properties of the fiuid, the following vaive 
be 


5. 
muet added to the right side of (i) [7] 


aren fF an (3a) 








where A ie 4 frheelegica) conetant and tq is felamation time, ft ie obvious from 
eapteceion 


mem 4) 0 ai (ath) “ 


that term ()1) makes 4 Contribution only in the presence of transient effeete. it 
ie Giffieult to find selution (1) with regard te (31) by the method of sequential 
approsimations, having taken ()) and (4) a6 the initial values. Carrying out the 
corresponding calculations, we will hawe (Figure }, curve 2) 


= (1 — My hay) — ert + ie, + 6 lenient + ama, (33) 
and acoordingly 


Ve, PNET — 0.81 — M+ Mee, ROVE +69. = 


At # = 0.148, ey = 0.0067 and op = 26.7, the caloulating values of the drag coeffi- 
cient cf are in good agreement with the “maximum” (least) values found when inves- 
tigating the motion of polymer eclutione in tubes of different diameter. 
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(Text) Most birds and fishes are exposed to laminar flow over them during motion 
with regard to short body length. In those cases when turbulent flow occurs during 
motion of animals, sechaniems were developed during evolution which permit the 
animal to retain 4 quasi-transient flow mode in the boundary layer up to specific 
limite [1). 


The hydrodynamic stability on rigid and elastic plates in a water flow were inves~- 
tigated to understand the principles of evolution of the structure of the external 
coverings of fast-ewimming marine animals and aleo the study the physical pattern 
of fluid flow during the initial phase of transition of the laminar boundary layer 
to 4 turbulent boundary layer (2, 3). The resulte of the investigations made it 
possible to conclude that the damping surfaces with proper selection of their me- 
chanical properties, regardless of the type of disturbing motion, permit one to 
achieve at least one of the following effects: an increase of Reynolds number of 
the lose of stability, an increase of the transient zone and of the Reynolds number 
of transition, a decrease of the region of unstable oscillation frequencies of the 
laminar boundary layer, a decrease of the phase velocity of the disturbing mtion, 
an increase of wave numbers and a decrease of the coefficients of increase, a de- 
crease of the ordinate of the critical layer and a decrease of the kinetic energy 
of the disturbing motion. 


Simultaneous action of several of the effects indicated above was usually observed 
during flow over damping surfaces since they are interrelated. The investigations 
also showed that the previously adopted criteria of similarity (4) simulate rather 
correctly the characteristics of flow over damping surfaces. 


The teliuric method [2-4] also made it possible to achieve, along with quantitative 
qualitative results which were not previously published and which will be partially 
presented below. The characteristics of damping surfaces are given in [4] accord- 
ing to the numbers of experiments. <A graph copy of the photograph of three teliur- 
ic etreame which characterize development of perturbing motion along a simple damp- 
ing surface (experiments Vl and V3) and for comparison along 4 rigid surface 
(experiments 87 and B10) is presented in Figure 1. The Ox axis is aligned along 
the surface of the working section along the longitudinal axis of symmetry, the Oy 


4l 











axie is aliqned vertically upward and the Of axis is aligned to the right along 
the flow. The origin coincides with the beginning of the working section. 


Tt should be noted that the physics of fluid flow along a surface is different in 
beth cases. Comparison of the perturbing motion during flow over both surfaces in 
the region of the point of buckling is presented in Figure 1, a and b. The oscil- 
lation amplitude of the vibrator tape comprised 0.32 mm in experiments on a rigid 
surface and 0.24 mm during flow over a damping surface. However, this difference 
of amplitudes is insiqnificant. Oscillations at frequency close to that of the 
second neutral oscillation are recorded in the figures: 0.74 He for a rigid sur- 
face (Figure 1, 4) and 0.98 He (Figure 1, b) for a damping surface. The perturb~ 
ing motion near 4 rigid eurface is three-dimensional for the entire thickness of 
the boundary layer and has 411 the features typical for the point of buckling [2). 
The perturbing motion forms near the surface during flow over a damping surface. 
The shape and type of wave differ from similar waves during flow over a rigid 
surface. Moreover, the difference in the tendency toward twisting of the wave 
crest is obvious. 
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Figure 1. Development of Perturbing Motion Through Thickness of Boundary 
Layer During Flow Over a Rigid (a, c) and Simple Membrane Sur- 
faces (b and 4d): ‘ellurium wire for photographing of profile; 
2--telluric streasw .--distance marks along working section, cm; 
4--surface along which measurements are made 


The same differences were found, only the amplitude of the oscillation on a flex- 
ible surface was still less, when the characteristics of the perturbing motion were 
compared to a frequency close to the first neutral frequency during flow over a 
rigid surface. 


Comparison of the perturbing motion during flow over both surfaces in the region of 
x = 120 om showed that the wavelengths are greater on a rigid surface (Figure 1, c), 
the shape of the wave is sloping, twisting of the wave crest occurs in a manner 
typical for a rigid surface and the perturbing motion is applied to the entire 
thickness of the boundary layer. During flow over a damping surface (Figure 1, 4) 
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the wavelength A increased compared to \ at x = 30 om, but decreased compared to 
on a rigid surface at x = 120 aa. The shape of the wave also vai.ed but remained 
the same as at x * 30 cm. The perturbing motion was observed approximately in the 
same section of the boundary )ayer as during flow over a rigid surface (Figure 1, 
and 4d). The oscillation frequency of the wave comprised 0.68 Hz on a rigid sur- 
face and 1.1 Hz on a damping surface. 


— 


4 


can be seen from Figure 1, the perturbing motion during flow over 4 simple mem- 
brane surface becomes clearer but is more similar in shape to the perturbing motion 
with a positive pressure gradient, the results of investigation of which will be 
outlined separately. 


It was found during study of the hydrodynamic stability on a rigid surface that 
there is a specific distance between the appearance of visible oscillations and 
“folding” of the wave for each oscillation frequency. This distance was arbitrar- 
ily named the stabilization zone. The stabilization tone initially decreases and 
then increases as the oscillation frequency increases. The stabilization zone is 
minimum near the second neutral oscillation and shifts opposite the flow to the 
vibrator strip as frequency increases. The principles of wave “folding” during 
flow over damping surfaces were essentially the same. The stabilization band seem- 
ingly characterizes the rate of increase of the perturbing motion. Thus, the 
stabilization band on practically all the testing damping coatings was less than 
during flow over a rigid surface. For example, the stabilization band comprised 

20 cm during flow over a rigid surface at x = 70 cm and oscillation frequency of 
0.74 Hz (a frequency close to the second neutral oscillation) (oscillations appear- 
ed at x, = 60 and the wave was folded at m * 80). The stabilization band com- 
prised 18 cm (x, = 67 cm and x = 85 cm, respectively) during flow over a simple 
membrane surface at the same location (experiments V2) at oscillation frequency of 
0.76 Hz, it comprised 10 cm (x, = 70 cm and x = 80 cm) at 0.96 Hz and it comprised 
6 om (x, = 72 cm and = = 78 cm) at 1.09 Hz close to the frequency of the second 
neutral oscillation. The stabilization band increased with a subsequent increase 


of frequency. 


The shape of the perturbing motion is similar to the shape of this motion in exper- 
iments without heating during flow over a simple membrane surface with heating, but 
the perturbing motion was observed even closer to the surface in this case. More- 
over, a stabilization band was not found. After a peak wave was formed, the per- 
turbation with this shape of wave moved downward along the flow without being 
deformed, as in a solidified type. 


Photographs of the perturbing motion perpendicular to the boundary layer during 
flow over a simple membrane surface are presented in (3). It is obvious that the 
perturbing motion moved toward the outer boundary of the boundary layer at constant 
value y of the vibrator as the frequency increased. 


The nature of the perturbing motion varied during flow over complex membrane sur- 
faces, combining the characteristics of perturbing motion during flow over rigid 
and simple damping surfaces. A graph copy of the photograph of perturbing motion 
at frequency of n = 0.8 Hz and flow velocity of 13.6 cm/s (experiments Pll) is 
presented in Figure 2, a and a diagram of the behavior of the perturbing motion of 
these surfaces is presented in Figure 2, b. 
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Figure 2. Perturbing Motion (a) and Diagram of Ite Development (b) During 
Flow Over Complex Membrane Surface: 1, 2 and J--the same as in 


Figure 1 


Three characteristics of perturbing motion were found. The stabilization band 
behaved the same as during flow over a rigid surface. The stabilization band, ap- 
proaching the vibrator, became constricted and then expanded as frequency increased. 
At the same time, unlike a rigid surface, double folding of the wave was observed. 
Part of the wave crest was “folded” while the upper part, not breaking down, con- 
tinued to move above it. The upper part of the crest was then “folded” and two 
stabilized crests moved parallel to each other downward along the flow. The second 
characteristic included the fact that the perturbing motion was not immediately 
stabilized with a further increase of oscillation frequency, but was rotated inside 
so that if the axis around which the crest was twisted were previously parallel to 
the flow surface, this axis became perpendicular to the surface lower down the flow. 
The crest was twisted so rapidly at these frequencies and the wavelength decreased 
80 much that seemingly small vortices parallel to the surface were initially formed 
which became stabilized after their rotational axis was turned by 90°. Moreover, 
the impression was created during motion of the perturbing motion downward along 
the flow that the lower layer of the fluid lying under the oscillating layer mov 4 
opposite the flow so much that it was strongly retarded, while waves moved above 
this layer, without increasing and without being damped immediately, but were sta- 
bilized considerably lower down the flow compared to a rigid surface. 


The nature of the perturbing motion during flow over a viscoelastic surface also 
differed from the nature of that during flow over a rigid surface. A graph copy of 
a photograph of the behavior of perturbing motion during flow over a thick plate 
of polyurethane foam at velocity of 14.9 cm/s and oscillation frequency of 0.83 Hz 
(Figure 3, a, experiments P23), with the same velocity and oscillation frequency of 
0.77 Hz (Figure 3, b, experiments P24), with velocity of 12.4 cm/s and oscillation 
frequency of 0.67 Hz (Figure 3, c, experiments P19), with velocity of 11.7 cm/s and 
oscillation frequency of 1.4 Hz (Figure 3, 4d, experiments P27) and with velocity of 
10.0 cm/s and oscillation frequency of 1.0 Hz (Figure 3, e, experiments P35) is 
presented in Figure 3. Everywhere the oscillation frequencies are similar to the 
frequency of the second neutral oscillation. The oscillation amplitude decreases 
strongly compared to that on a rigid surface, the shape of the wave is similar to 
that during flow over a simple membrane surface, but the lower layer adjacent to 
this surface is strongly retarded as in the case of flow over complex membrane 
surfaces (Figure 3, a). The perturbing motion propagates in the immediate vicinity 
of the damping surface. 


























Figure 3. Perturbing Motion During Flow Over Viscoelastic Surface: 
1, 2, 3 and 4--the same as in Figure 1 


It is interesting to compare the behavior of the perturbing motion in the region 
of the point of buckling (Figure 3, a) to a similar situation for a rigid surface 
(Figure 1, a). The behavior of the non-sine-wave perturbing motion during flow 
over a sheet of polyurethane foam (Figure 3, c) is the same as during flow over a 
rigid surface, with the exception that the wave crest folds almost immediately be- 
hind the vibrator without development of oscillation. 


The process of wave folding is the same as on a rigid surface and is similar to 
the process of double folding of the wave on a complex damping surface. The dif- 
ference from double folding includes the fact that the beginning oscillation in yOx 
plane breaks down very rapidly almost immediately behind the vibrator with rotation 
to the #Ox plane. All the oscillations in the yOx plane then stop and oscillation 
in the zOx plane continues for some time until complete stabilization. The behav- 
ior of the telluric stream after double folding is easily visible in the region of 
x = 120 om, while separation of the stream in the 20x plane is visible in the re- 
gion of x = 130 com (Figure 3, c). 


The oscillation amplitude of the vibrator tape comprised 0.24 mm during sine-wave 
perturbation on viscoelastic surfaces and comprised 0.3-0.4 mm during non-sine-wav 
oscillations. The oscillation was damped immediately behind the vibrator (experi- 
ment P17) in the first series of measurements in the region of x = 30 cm. The 
amplitude increased to 0.7 mm (experiments pl8) in the second series at x = 80 cm. 
However, the oscillations are damped rather well even in this case. It was found 
that the fluid near the surface was severely retarded at frequencies close to the 
frequency of second neutral oscillation, but it seemingly slid over the lower layer 
of fluid so that an impression was created that the boundary layer of the fluid 
moved opposite the flow. A similar pattern was observed during flow over complex 


membrane surfaces. 


45 





When the oscillation amplitude of the vibrator tape decreased to 0.4-0.5 mm, the 
oscillation amplitude of the fluid was less than that during flow over a rigid 
surface and the perturbing motion itself was concentrated immediately near the 
surface. 


The structure of the perturbing motion during flow over a polyurethane foam sur- 
face coated on the outside with film is shown in Figure 3, 4d. Although the nature 
of the perturbing motion was similar to the nature of this motion in experiments 
on a surface not covered with film, the frequency and oscillation amplitude in- 
creased, The same was observed in experiments on a thin sheet of polyurethane foam 
having worse stabilizing properties than a thick sheet (Figure 3, e@). 


Measurements were made in region 3 of natural transition during flow over a simple 
membrane surface (experiments VS45) similar to measurements during flow over a 
rigid surface (Figure 4). 


It turned out that the shape of the flow in regions 2 and 3 of the transition of 
laminar to turbulent boundary layer varies the same as in region 1 compared to 4 
rigid surface during flow over a membrane surface. If the flow structure during 
flow over a rigid surface is compared to a zero and positive pressure gradient, it 
is obvious that the rate of deformation of a plane Tollmin-Schlichting wave (transi- 
tion zone 2) is considerably greater with a positive pressure gradient than with a 
zero gradient, i.e., hydrodynamic stability deteriorates. However, the wavelength 
of hertler vortices decreases somewhat in this case, which indicates an increase 

of flow stability in transition zone 3. 


The rate of deformation of a plane wave increased during flow over a simple mem- 
brane surface, the stabilizing properties of which were nonoptimum, compared to a 
rigid surface with zero pressure gradient, but decreased compared to a rigid sur- 
face w th positive pressure gradient. The wavelength of hertler vortices decreased 
significantly during flow over a damping surface. 


Taking the foregoing into account, one can present the integral result of flow 
interaction with damping surfaces in the form of the dependence of the drag of the 
plate on Reynolds number (Figure 5). The solid lines and numbers 1-3 denote the 
curves for laminar, transient and turbulent modes of flow, respectively, along the 
plate (6). Points A, B and C denote the typical Reynolds numbers during flow over 
a rigid plate and the dashed lines denote the principles of drag of damping sur- 
faces. The remaining notations will be explained below. 


Investigations on simple membrane surfaces showed that the hydrodynamic flow stabil- 
ity along che surfaces deteriorates with nonoptimum mechanical properties of them. 
If the results found in experiments V1-V5 are interpolated, the Reynolds number of 
buckling calculated with respect to x comprises ReY = 1.35-104. ‘The point of 
buckling in Figure 5 is denoted by the letter G unller these conditions. The Re, 
number decreased by a factor of 4 with respect to point A during flow over a rigid 
surface. Let us assume that deterioration of hydrodynamic stability leads to a 
decrease of the transition zone and to Rey) approaching Rép,y (similar changes oc- 
cur during flow over a rigid surface under unfavorable conditions). In fact, os- 
cillations which do not coincide in phase with oscillations of the boundary layer 
occur in a destabilizing boundary layer of a damping surface due to the effect of 
flow pressure fluctuations, while the oscillation amplitude of the damping surface 
may exceed even the permissible height of the roughness. 
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Figure 4. Deformation of Velocity Profile During Flow Over a Simple Membrane 
Surface (a) and Rigid Surface With Zero Pressure Gradient (b) and 
With Positive Pressure Gradient (c): 1l--support for tellurium wire; 
2--tellurium wire; }3--velocity profile in xOy plane 


Key: 
l. cm/s 
2. Axis of symmetry of working section 


Thus, the effect on the flow of the destabilizing surface can be similar to that 

of a rough or wavy rigid surface. Let us assume that the transition steps 1-5 de- 
noted according to the classification suggested in (5, 9], are reduced during flow 
over a destabilizing surface and point B, corresponding to Rey) of a rigid surface, 
is shifted upward along the flow to point D by a value proportional to the ratio 
Rep w/ RAP ou The critical Reynolds nymber during flow over a destabilizing flexible 
surface comprises ref, = 1,.25°10°. The drag durve from point D to point £E is 
shifted above the solid curve with strongly destabilizing properties of the flexible 
surface due to the fact that the pressure and velocity fluctuations in the laminar 
boundary layer will be greater than those during flow over a rigid surface. Step 6 
of turbulence jeneration occurs from point E to point F during flow over 4 flexible 
surface. The drag of this surface, due to the factors indicated above, will be 
greater than that of a rigid smooth plate and corresponds to curve 4 in Figure 5. 
The nature of curve 4 may differ from that indicated in thie figure as 4 function 
of the degree of destabilization of the boundary layer by the flexible surface. 
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THE RBIONYDRODYNAMIC PHENOMENON OF THE SWORDFISH AS A LIMITING CASE OF HIGH-SPEED 
HYDRORIONTS 


Kiev BIONIFA in Russian Ne 12, 1978 pp 40-48 
[Article by 8. V. Pershin, Leningrad) 


(Text) The ewordfish Kiphias gladiue is known as the fastest hydrobiont. Ite 
maximus swimming speed in short burete Veg, reaches 130 km/hr (1) (determined dur- 
ing unwinding of 4 epinning reel). The highest Reynolds number of the swordfish, 
calculated by the total length, approaches Rega, + 110° (9). There have repeat- 
edly been attempts to explain the high ewimming speed of the ewordfieh on the basis 
of investigating echematized modele. 


In (9), we considered the probleme of optimization of body shape and caudal impel- 
ler in low-drag high-speed fish, we determined the external features of these fish 
and proposed a hydrodynamic classification and characteristice of low-drag high- 
speed fish, including Kiphoids. The possibility of cavitation flow over the sword- 
fish on the basie of an original hydrodynamically correct diagram with observance 
of the biologica) condition of continuous gill reepiration is considered in (10). 
The inducer of the cavitation sone is assumed to be the wedge-shaped beak--the 
sword, arranged at a emall positive angle of attack (in thie case the cavity en- 
compasses the upper greater part of the body while the swordfish glides on the 
water with the lower smoothly streamlined part of the body while retaining Archi- 
medes buoyancy). 


Other papers have also been devoted to the hydrodynamic function of the protruding 
beak of the ewordfieh. It is shown in [6] as a result of quasi-steady calculation 
that hydrodynamic dreq may be reduced to 12 percent by thickening the boundary 
layer on 4 narrow attachment to a body of rotation. The conclusion was confirmed 
experimentaliy during towed testing of an elongated body of rotation with a tip 
(7). Mowever, this does not explain the hich ewimming speed of the ewordfish. 
Quasi-steady calculations of the boundary layer in [3) and experiments permitted 
the conclusion that the optimum region of Reynolds numbers where the positive 
“ewordfish effect” is manifested, comprises Pe * 4-108 to 8-10’. ‘This conclusion 
agrees with reality but even so does not completely explain the mystery of the 
swordfish. 


On the other hand, the functions of the beak of Kiphoid fishes, including the 
ewordfich, are not considered in the extensive survey on the hydromechanics of 
motion of aquatic animals [19]. Main significance in reaching high swisming 
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Figure 1. Swordfish Xiphias giladius (total length of approximately 2 meters) : 
a~-side view; b--top view; c--cross-section 


Key: 
1. Through t-t 


speeds by aquatic animals is given to ahighly efficient caudal fin of “half-moon” 
shape in thie survey on the basis of the theory of transient motion of an elongated 
body in an ideal fluid. 


Tt should be noted that the body of a ewordfish does not have the shape of a body 
of rotation (Figure 1), as is usually aseumed. 


Wydrobionic analysis. The entire complex of presently known reliable factors about 
the swordfish, considered partially in the papers mentioned above and also in 

(4, 5, 8, 12 and 16), is analyzed sequentially below for the first time in the 
hydrodionic aspect. The swordfish is regarded as a limiting case of high-speed 
hydrobionts and both hydrodynamic and biological principles are brought in when it 
is compared to these hydrobionts. To carry out the analysis, the factors which de- 
termine the high swimming speed of the swordfish and their hydrodynamic significance 
are systemized in the following manner: 


Peature Hydrodynamic Significance 
Powerful Locomotive- Impeller Complex High Thrust and High Swimming Speed 


1. High power to weight ratio of body Powerful muscular motor 


2. High efficiency of caudal fin Efficient flapping impeller 
Unique Shape of Body and Protruding Parts Optimization in Locomotion and Stability 
of Motion 
3. Protruding beak-sword Multifunctional designation 
4. Steep tapered termination of Optimum configuration with diffusor part 


confuzor part of body of body 
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Feature Hydrodynamic Significance 


5. Gaff doreal fin Rigid course stabiliser 


Morphofunectional Characteristics of Skin heduetion of Hydrodynamic Drag of Bedy 


6. Pelded skin surface and recessed Pinned surfaces for heat requiation 
scales 

). Developed intratequmental secretory Total diffusion of mucous into bound 
apparatus ary iayer of entire body 

8. Individual secretory formations Loeal requiation of mucous injection 


on sections of perturbations 
Let us consider the named factore in order of arrangement. 


The powerful locomotive-propulsive complex which creates high thurst is 4 necessary 
prerequisite of high ewimming epeed of the ewordfich. The power W delivered by the 
impeller of the animal is determined biologically by ite power to weight ratio 
through the total body mase G, relative fraction of muecles ¢ and specific power 
yield q calculated per unit of muscle mace. And it is expressed hydrodynamical ly 
by the thrust of the impeller T, the forward velocity of the center of gravity V 
and the propulsive coefficient , which takes into account the power loss in the 
body~-caudal fin propulsion complex. Thue, W = qoG = (1/n)TV. Here 411 values are 
averaged for the period of oscillations of the locomotion-propulsive complex and 

q = a(t) i6 @ funetion of the total duration of swimming | and is approximately 
identical numerically for the muscles of animals and man for which this function 
has been well studied. Let us show that the power to weight ratio of the body and 
the hydrodynamic efficiency of the caudal fin of the ewordfish are maximum for 
aquatic animale. 


i. The high power to weight ratio of the ewordfich follows directly from the com- 
paratively large body mase G with given length L and the relatively high fraction 
of muscles cc. We constructed the graphs G = f(L) for different fishes, but they 
are not presented in this article. ft is sufficient to note that c = 0.67 for the 
swordfish is the highest value for 411 swimming animals. It is limited by the 
biologically permissible ratio of the mass of the vitally important organs and 
tissues of the organiem (c = 0. 30-0.45 for the majority of fish species). The 
swordfish has a very large especially deep-lying laterial red muscle which is a 
common feature of fast-ewimming fishes, even those isolated in systematic ratio 
of groups (16). 


The high power to weight ratio of the ewordfish and of other high-speed hydrobionts 
is compared by the parameter of the maximum swimming speed V_. (Figure 2). The 
graph is compiled from experimental data from different literary sources and from 
our calculations in quasi-steady approximation by the energy method. The length 
of the water-dieplacing part of the body L = 2.0 meters (the length of the sword- 
fish with eword is 3.0 meters) and the duration of high-speed swimming in bursts 

t = 3 seconds were taken as identical for hydrobionts in the calculation. 


tt is obviows that the power to weight ratio of the swordfish is two or more times 
higher than that of the high-speed Black Sea dolphin and macho shark and approaches 
the power to weight ratio of the common thick-bodied tuna. The good agreement 
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(2) 


Figure 2. Relationship of Maximum Swimming Speed to Power to Weight Ratio 
of Muscles of High-Speed Hydrobionts, Vg(cG): 1l--observed; 2 and 
}--caleculated during laminar and turbulent flow modes (in quasi- 
steady approximation); a--common dolphin; b--macho shark; c-- 
common tuna; d--ewordfish 


Key: 
i. o/s 2. kG 


among the curves of observed and calculated maximum ewimming speede in the function 
of the power to weight ratio of the species considered Ve = f(cG) should also be 
noted. The hydrodynamic drag of these species corresponds at high Reynolds numbers 
(Re = (2=7)°107) to some intermediate value for laminar and turbulent modes. Thus, 
the ewordfish, like other high-speed hydrobionts, is aleo forced to utilize means 
of reducing hydrodynamic drag at maximum ewimming speed. 


The observed maximum ewieming epeed of the ewordfish is taken as Ve = 25 a/s in 
Figure 2 according to the authoritative dynamic calculation of Academician A. WN. 
Krilov (cited from [17]). Deviation of this point from the common curve 1 indi- 
cates that, unlike other vonsidered hydrobionts, the adopted calculating speed of 
the swordfish should correspond to swimming duration of t < } seconds. This in- 
pulee swimming mode is actually a limiting case compared to other high-speed 
hydrobionts. 


2. The high efficiency of the caudal fin--an efficient flapping impeller of the 
ewordfish--is determined by 4 number of indicators. To do this, let us write the 
averaged thrust in the water by density op in the form of two functions: initially 
as that generally accepted for « supporting wing and then similar to the formula 
for the thrust of a propeller 


T =¢,Sp 5 * 


The area of the supporting surface & of the caudal fin in the ewordfish is greatest 
compared to other xXiphoid fishes and considerably exceeds that of the high-speed 
common tuna of corresponding Length [9]. The value of the dimensionless coefficient 
of thrust oO, is undoubtedly high if one bears in mind that the aspect ratio of the 
caudal fin of the swordfish is ) = 17/8 © 7.5 (i.e., very high for an aquatic 
animal). The high value of coefficient o, is also confirmed in special theory of 
swimming of an elongated body in an ideal fluid [19]. 








AA 


Figure }. Comparison of Shape of Caudal Fine of Common Dolphin (1) and 
Swordfish (2) (the dimensions of the fine are reduced to the 


same span) 





On the other hand, the caudal fin of the ewordfiesh has such a large span 1 that it 
significantly exceeds the greatest height of the body H, namely 1 "2.20. How- 
ever, it does not protrude beyond the ends of the dorsal and abdominal fins (Figure 
1); therefore, the caudal fin of the ewordfieh is still within the range of the 
vortex layers of other fine, which increases the efficiency of a flapping impeller 
{19}. At the game time, the relatively long caudal part of the swordfish body and 
the rigid practically unbending skeleton permit giving large transverse spans A 
with respect to the center of gravity of the body to the caudal fin, which creates 
@ large streamlined area (1A) of the impeller. At the same time the oscillation 
frequency n of the fin is also high since the fin iteelf is rigid and inflexible. 
The presence of large cartilage longitudinal stabilizers on both sides of the 
caudal fin (see Figure 1) is typical, which is aleo 4 common feature of high- 


speed fish (9). 


Based on that which we previously considered in different aspects of optimization 
of the shape of the caudal fin impeller in high-speed dolphins [11], let us compare 
the caudal fine of the common dolphin and ewordfieh (Figure }). The flapping inm- 
peller of the ewordfieh is inscribed in that of the dolphin (with identical span). 
Tt is known from hydrodynamic theory of wave propulsion in an ideal fluid that the 
shape of the leading edge and the large depression of the trailing edge are of 
special significance for ite efficiency [19]. The notch of the fin is filled with 
vortex layers and it works to create thrust, as does an unnotched fin; the hydro- 
Gynamic drag of the fin is reduced in a real fluid in this case. 


Thus, comparison of the caudal fine of such diverse high-speed hydrobionts shows 
first that the shape of the fins as impellers varies significantly with an increase 
of swimming speed of .ydrobionts and second the caudal fin of the swordfish, com- 
pared to that of the common dolphin, being optimized for maximum high swimming 
speed for the anime|, is characterized by relatively large values of parameters 1, 
A and » ane therefore of thrust T with greater stiffness of the system as a whole. 


The unique shape of the body and of the protruding parts determines the optimum 
locomotion and stability of motion of the swordfish and is determined by the fol- 
lowing factors. 
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Figure 4. Increase of Relative Distance of Greatest Body Cross-Section as 
Side of Swordfish Increases (x/L)(L/Lo): Lo = 1.65 meters-- 
total length of adult fish with sword; L--length of young fish 
of different ages with eword; L'=-Length of the same fish with- 
out sword (the length of the fish was taken to the end of the 
spinal column) ; Xp" ~distance of greatest cross-section from tip 
of sword; xm--distance from end of beak without sword 





3. The protruding beak-sword undoubtedly has a different biological and hydro- 
dynamic functional designation in the swordfish. 


The biological designation of the sword is to catch food, which follows from fac- 
tore of ramming large fish by the swordfish, including high-speed common tunas. 
Photographs of the swordfish jumping into the air at high speed with a fish impaled 
on the beak have been published frequently. Moreover, cases of the biological sig- 
nificance of the front-protruding parts of the body in other fishes and animals, 
for example, the sawfish, hammerfish and narwhal, are known. 


However, in view of the biological principle of multifunctional nature--superposi- 
tion of functions, the biological functions of the sword in the swordfish are com- 
bined with hydrodynamic functions. This has been confirmed by the calculations 
and experiments considered above [3, 6, 7), although the results were low in re- 
duction of drag by the eword for the adopted conditions of steady motion of schen- 
atized models of the ewordfish. There is also another, no less important hydro- 
dynamic designation of the sword which has not even been mentioned before now in 
the literature: the stabilizing effect of the long sword-like projection on the 
oscillatory motion of the swordfish with powerful thrusts of the caudal fin. It 
is quite obvious that the hydrodynamically undesirable large oscillations--yawing 
of the head part of the body with respect to the center of gravity of the sword- 
fish--should be reduced significantly in the presence of a protruding beak. The 
foregoing is also confirmed by an increase of the relative length of the sword as 
size increases and by an increase of swimming speed of the swordfish. 


The results of our analysis, according to (8), are presented in Figure 4. 


One may note that the different relative length of the protruding beak in differ- 
ent species of Xiphoid fishes depends on the cross-sectional shape and streamlining 
of it during oscillatory motions. Thus, the longest beak in the swordfish has a 








good streamlined lenticular shape in transverse section, the beak of shortest 
length has poorly streamlined circular cross-sectional shape in the sailfish and 
the cross-sectional shape of the beak in the marlin is intermediate (lenticular 
in the supper part and oval in the lower part), but the relative length of the 
beak is also intermediate. 


4. The steep tapered head of the confuser part of the body is optimum for inte- 
gration with the lone diffuser part of the body of the swordfish (in the presence 
of a protruding eword). The gill elit is located in the region of the local peak 
of rarifaction of hydrodynamic pressure on the body (9). This increases the pres- 
sure head at which the water stream is ejected from the mouth cavity through the 
gille and consequently increases the water flow rate and removal of oxygen from 
it, which is also necessary for a high-speed fish with high energy metabolism. 
Moreover, the greatest body cross-section of the ewordfish is located at the end 
of the short tapered head at a relative distance x/i = 0.60 from the tip of the 
ewrod (Figure 4), which is hydrodynamically feasible. The dimensionless coef fi- 
cient p of excess hydrodynamic pressure p over static pressure pey, judging by 
(3, 7), i@ approximately equal to 


pm ain (0 — P,) % — 0.15. 


It is remarkable that the value of this coefficient at the indicated point differs 
slightly from that in the absence of a sword (Ap = -0.05). 


5. The nonretractable dorsal fin, which is the main and rigid course stabilizer of 
the swordfish, deserves special attention. 


It is known that the dimensions of the fins decrease and they are partially or com- 
pletely retracted into corresponding “pockets” in the body as the swimming speed 
of fishes increases (9). Typical examples are tuna and even Xiphoids themselves of 
other species--marlins, lancellates and sailfish. However, the large and thick 
doreal fin of the ewordfish (Figure 4) is not retracted, which is convincing proof 
of the importance of increased course stabilization for it using this fin at maxi- 
mun swimming speed. Moreover, the stabilizing significance of the eword during 
flapping motions of the powerful caudal fin, indicated above, is also reinforced. 


It should be emphasized that the apparatus which copy the well-streamlined body 
shape of the swordfish have long been found in technoloyy. Many modern large 
gliders, including the best record-setting sailplanes of the OKB (Special design 
office) of general aviation designer 0. K. Antonov, for example, the A-15 metal 
giider with laminarized wing profile [14], have a similar shape (without a sword). 
The fuselages of some aircraft aleo have similar shape of a body rotation, which 
can be judged by published illustrations [13). 


The morphofunctional characteristics of the skin of the swordfish are a means of 
reducing the hydrodynamic body drag, the need for which from the viewpoint of 
energy at maximum ewirming speed was discussed in paragraph 1 of this article. 
Systematic data on the skin, scale and mucous covers of many high-speed fishes of 
different groups and numerous proofs of the hydrodynamic function of the fish wu: 
cose, based on extensive experimental material and theoretical data, were first 
presented in our collective paper [12]. We note here only some additions! lentures 
of the coverings of swordfish. 
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6. The folded skin surface with alternation of longitudinal increases (rolls) 
and decreases (troughs) and the blunt seales of the swordfien are explained as 
finning of the body surface for heat requlation and as 4 remane of retaining the 
mucous. The latter has been confirmed by retention of a stable mucous cover dur- 
ing maximum high swimming speed of the awordfish. 


One of the simplest methods of increasing heat transfer from the body surface-- 
development of external ribs on the surface--has long been known [2] and frequently 
applied in technology. The swordfish is a poikilothermal animal, but one should 
take into account that the brief burste at high maximum ewimming speed occur sim- 
ilar to an explosion in it, with high release of energy and consequently of heat. 
The sharp and high temperature increase of the body is a contraindication of the 
organiem and ie energetically disadvantageous since it in turn requires increased 
energy consumption. Moreover, an increase of body temperature by 10-12°C with an 
increase of the activity of high-speed fish has been frequently noted in the liter- 
ature. We recall that Academician A. N. Krilov compared the action of the sword- 
fish during attack to that of an artillery shell of a small-caliber high-speed 
cannon (cited in [17)). 


Ribbing the body surface of the swordfish does not increase hydrodynamic roughness, 
which is quite unacceptable for a high-speed hydrobiont, since the entire body 
surface of the swordfish is covered with a thick mucous and unevennesses are equal- 
ized. Moreover, ribbing of the surface and the partially recessed scales contrib- 
ute to retention of the tiick viscous mucous on the body surface at low swimming 
speeds when there is no need to utilize the mucous. The mucous on a ribbed surface, 
especially in longitudinal depressions, is heated somewhat, becomes thinner and 
less viscous and diffuses to the boundary layer of the streamlining flow at high 
swimming speed and increase of body temperature of the swordfish. 


We note that temperature regulation of the outer coverings by other means is found 
in many animals, including that of a high-speed fish--the common tuna [18], where 
it is provided by increased blood circulation in a special branched system of the 
sanguiferour vessels located near the lateral body surface. The more or less thick 
layer of subcutaneous fat performs a similar function in homoithermal dolphins [15). 


7. The developed intracutaneous secretory apparatus of the swordfish is designed 
for general diffusion of mucous to the boundary layer. One can note a number of 
ite important features [12]: the secretory celis of only one type (granular), the 
hydrodynamic function of which has been well established, are found, there are 
secretory cells on the entire body surface rather than only in the caudal part, 
there is a branched system of mucous canals in the skin and the pores leading to 
ite surface, including parallel rolls perpendicular to the body, the dextro- and 
levolateral syster of these canals are not connected to each other and permit se- 
quential automatic operation during bending-flapping motions of the body, which is 
more efficient and economical for total diffusion of mucous. The combination of 
these unique characteristice of the secretory apparatus of the swordfish undoubtedly 
indicates its high efficiency. 


We note that since tangential stresses on the body surface of the swordfish are re- 


duced appreciably in the presence cf a sword [3, 6), the sword seemingly contributes 
to retention of mucous on the body, which is yet another of its functions. 
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8. the individual secretory formations serve for additional local regulation of 
mucous secretion on the body sections of the swordfish where the boundary layer is 
subjected to the greatest local disturbances. They include recesses in the skin 
near the gill slits, mucous from which may enter the water discharged through the 
Gille automatically at high speeds until a definite peak of pressure rarifaction 
is achieved, mucous ampules arranged on both sides of the thick nonretractable 
dorsal fin and in the wake of the spine behind it in the longitudinal plane (5). 


The latter may respond in certain modes of bending-oscillatory motions of the body. 





The presence of these additional local secretory formations only in the swordfish 
confirms even more than it is a limiting case of high-speed hydrobionts. The es- 
sence of the matter is that, as convincingly demonstrated in [12], the mucous of 
high-speed fishes is a very efficient biopolymer coating and may contribute to re- 
duction of hydrodynamic drag of bodies by tens of percent. It is remarkable that 
the mucous performs a hydrodynamic function at the highest Reynolds numbers of the 
fastest hydrobionts. 


The phenomenon of the swordfish consists not only in the protruding beak and the 
unusually high maximum ewimming speed for the animals, but also in many other 
features of external structure and outer body coverings. 


Sequential consideration of all the isolated factors of high swimming speed of 
swordfish in different aspects made it possible to determine their relationship and 
interdependence and to analyze this biohydrodynamic phenomenon as a limiting case 
of high-speed hydrobionts. 


The combination of a powerful locomotion-impeller complex with effective high-speed 
flapping impeller and morphofunctional characteristics of the body coverings in the 
biohydrodynamic phenomenon of the swordfish with the unique secretory apparatus, 
which provides a significant reduction of hydrodynamic drag at high swimming 
speeds and Reynolds numbers using the mucous, is of greatest interest in the hy- 
drobionic aspect. 
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THE HYDRODYNAMIC CHARACTERISTICS OF THE BLACK SEA DOLPHIN IN DIFFERENT ACCELERA~ 
TION MODES 


Kiev BIONIKA in Russian No 12, 1978 pp 48-55 


[Article by V. P. Kayan and V. Ye. Pyatetskiy, Institute of Hydromechanice of the 
Ukrainian SSR Academy of Sciences) 


[Text] From the viewpoint of simulating an impeller, the most promising among 
aquatic animals is the dolphin, in which the locomotor oscillatory motions are 
concentrated mainly in the caudal part of the body. Having relatively low energy 
resources, dolphins can achieve rather high swimming speeds. The well-known Gray's 
paradox [17) explains this by the rather low hydrodynamic drag of this animal dur- 
ing active swimming. 


However, it is not yet possible to determine instrumentally the drag of 4 swimming 
dolphin. Therefore, attempts were recently made in different countries to create 
a theoretical model of the motion of fishes and dolphins (8, 20, 21]. Based on 
common propositions of thin-body theory and known theorems on conservation of im- 
pulse and energy, using the equations of hydrodynamics for a high-aspect wing, 
Academician of the Ukrainian SSR Academy of Sciences G. V. Logvinovich found 
formulas for calculating the averaged thrust and hydromechanical efficiency of the 
impeller of aquatic animals during oscillations which have a large lunate caudal 
fin (tuna and dolphins) [8]. It is shown that the kinematic characteristics of 
motion of the caudal fin mainly affect the formation of the animal's thrust. 


Experimental data have been published on the kinematics of swigming by the Black 
Sea dolphin [10] at swimming speeds up to 2.5 m/s, on the basis of which the hydro- 
dynamic characteristics were later calculated from G. V. Logvinovich's formulas 
{1l]. The kinematic characteristics of six Black Sea dolphins in the range of 
swimming speeds from 1.5 to 6.5 m/s (5) with different acceleration modes were 
subsequently found. The experimental results were found by high-speed movie film- 
ing in a biohydrodynamic channel specially designed for working with dolphins [12). 
The body shape and the geometric dimensions of these dolphins are presented in 
Figure 1 and in the table. 


The hydrodynamic characteristics of active swimming of these animals, calculated 
by the mentic ned formulas of G. V. Logvinovich [8], are presented below. In the 
given case the total thrust of the dolphin impeller, averaged during the oscilla- 
tory cycle, was determined by the expression 
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Figure 1. Rody Shape of Rieck Sea Dolphin 
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where v is the forward epeed of the avimal, m/e, ¢ is the epeed of propagation of 
the locomotor wave along the bed,, m/s, Ao is the amplitude of the locomotor wave 
on the trailing edge of the caudal fin, meters, 1 = 4/27 is the reduced wave 

meters, x is the length of the locamotor wave, meters, Aj = ova? is * 
mass of separation, kg-s2/e?, 0 49 water density, 104 104 kg!e2/e4, 20 is the span of 
the caudal fin, meters, 4 = (2a)? /85) is the aapest ratio of the ona fin and 
Spi is the area of the plane of the caudal fin 


Geometric Dimensions of Experimental Dolphins 
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in the epeeial came when the Motion of the deiphin ie linear and whiferm and ae~ 
eeleretion of Moti of ite center of gravity during the period of oseiliation is 
egual © fore, the Hheeet Fy an) Grae AY are equal in absolute value to each other, 
but 47@ cig 


The coefficient ef fotel bydredynamic drag Of the dolphin wae determined by the 
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where . bc the afese of the wetted surface of the @oiphin, determined by calculation 
by the geometric Simensione of the bedy and fine, 


The i de@8) hy@romerhenical efficiency Of the propuleive esyetem of the dolphin, aver- 
age0 Serine Geel lietione ané equal te the ratio of ite useful work to the total 
expended work (aeeful work plus the kinetic energy of the wake), is found by the 
cept eos i or 


sete ria (3) 


The kinematic parameters Ao/l and v/e required for the calculations at different 
speeds ah? accelerations of the dolphin were borrowed from (5). The aspect ratio 
of the caudal fin of the inwesetiqated Golphine ie within the range from 3.5 to 4.3. 
All calculations were made in tabular form. The resuite of the calculations of 
hyirodynaric charecterictice of delphine are presented in graphical form as @ func- 
tion of ewithing speed and acceleration. 





Figure 2 Dependence of ideal Mydromechanical Efficiency of Dolphin Impeller 
on Re Sumber During Acceleration of Motion, m/e*: i--(-0.10 to 
; )e 2==(-0.2 te 0.08); B<-(0.10-0. 90); 4--(0.35-0.70); S-- 
‘S=1.5°)) @=-aniferm, b--equal sccelerated motion 


The dependence of the i teal hydromechanical efficiency N of the dolphin impeller, 
calculated by formeie ()), of Re number ic presented in figure 2. The values of 

‘| @iwen here correspon? te specific swimming sodes of dolphins with different ac- 
selerations § in valve and sien, a/e*, averaged Guring the period of oscillations 
of the caudal fir tt follows from the walues of " that the hydromechanical ef- 
fheieney of the lepeller ie somewhat lower in the active swimming mode with forward 
acceleration (Pieure 2, b) when the thrust developed by the dolphin's impeller 
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exceeds the drag of the surrounding medium, ther ‘uring uniform swimming of the 
dolphin (Figure 2, 4). A decrease of the spread of values of efficiency and a 
commen tendency toward an increase of it are Observed as the speed of motion in- 
creases. Compared to (11), higher values of efficiency \ were found due to the 
more accurate calculation of the real spee’ of motion v of the dolphin (variation 
of the scale of the dolphin's path along ‘.e movie frame was not taken into ac~- 
count in (10, 11), whieh led to a decrease of the value of v and consequently of 
the ratio v/e). 








Figure 3}. Dependence of Thrust of Impeller (a) and of Hydrodynamic Drag (b) 
on Swimming Speed and Acceleration of Dolphin: i-5--the same as 
in Figure 2; 6--acceleration during inertial swimming. 


The average thrust of the dolphin impeller (F,), calculated by formula (1) during 
the period of oscillations, is presented in Pigure }, a as a function of Reynolds 
number Re = vL/V, where Vv is the kinematic coefficient of viscosity of water whose 
value varied in the given case: (0.93-1.16)*10 m/s. The solid line which aver- 
ages points 2 on the graph shows the modes in which the dolphin moves almost uni- 
formly (i.e., Fy and Ry are essentially equal to each other in absolute value). 

As the swimming speed and acceleration of the dolphin increase, the thrust of its 
impeller required to overcome hydrodynamic and inertial forces also increases. 


Por a dolphin to swir with acceleration, the value of the hydrodynamic drag (rR, ) 
averaged diring the period of oscillations was found as the difference of the 
thrust (Fx) and inertial drag (mR), i.e., 

According to Newton's second law, a force my must be applied to a body with mass = 
to move it with acceleration ¥. The virtual mass should aleo be taken into account 
during motion of a body in a viscous fluid. Since the main mass of the dolphin 
moves almost without oscillations and moves linearly, and the oscillations are 
made only by the caudal stem and caudal fin, then in the first approximation, hav- 
ing taken the dolphin's body as an equidimensional ellipsoid of rotation moving 
along its own longitudinal axis, the expression for the total mass will have the 
form 








where m «© G/q is the mass of the dolphin, kg-c*/m, G is the weight of the dolphin, 
kg, Ayy = ky) OV is the virtual mass, kg-e?/m, V is the dolphin's displacement, «’, 
and Ki) is coefficient of virtual mase. 


The dolphin's weight was determined by weighing in air and coefficient ky) was de- 
termined by nomograms of [1]. The values of ky) « 0.04-0.05 for experimental dol- 
phins. Finally, the value of Ry was calculated by the formula 


Ry = ma (1 + by) (0). (6) 


According to the method presented in [5], the displacements of the dolphin's center 
of gravity during omall time intervals (approximately 0.05 second) were determined 
and graphs of variation of the dolphin's forward velocity v during the averaging 
time (1-5 seconds) were constructed. The sean variation of the dolphin's speed 
(¥) was determined by it for each complete period of oscillations of the cauwial 
fin. The values of hydrodynamic drag determined by formula (4) in the active 
swimming mode of dolphins are presented in Fiqure 3, b at different values of 
accelerations ¢ as a function of Re number. The solid line also averages points 

2 belonging to modes in which the dolphin goves almost uniformly. The values of 
drag of a dolphin moving by inertia without bending-oscillatory motions of the 
body (point 6) are aleo given here. In this case ite hydrodynamic drag was de- 
termined by formula (6). Slowing of velocity v was calculated as the mean value 
during the entire period of averaging. The drag of a dolphin moving by inertia 
was higher in almost the entire investigated range of swimming speeds than that of 
a dolphin with active bending-oscillatory gotions of the body. The data are in- 
direct confirmation of J. Gray's {17} and T. Wu's [21] hypotheses that the wave 
motion draws out laminar flow over a body, creating a negative pressure gradient 
in its caudal part. This hypothesis has also been confirmed by the experimental 
work of Ye. V. Romarenko [13), who investigated the pressure distribution on an 
oscillating flexible streamlined body (a rubber wedge). 


The coefficients of hydrodynamic drag of a dolphin ( are presented in Figure 4 as 
a function of Reynolds number Re, calculated by formula (2). Almost all the values 


of © are located in the transition zone bounded on the bottom by curve 12, which 
is the values of the coefficient of drag of a technically smooth body of rotation 
equivalent in shape and size to a dolphin's body during completely laminar flow and 
bounded on the top by curve 13, which corresponds to the values of the drag coef- 
ficient of the same body provided that there is completely turbulent flow aoc. 


As is known, the drag coefficient of a well-streamlined completely submerged body 
is proportional to the frictional coefficient of an equivalent plate [3). The 
proportionality constant is determined from the set of experimental curves as 4 
function of the ratio of the main measurements of the body L/8 and H/B, where L 
is length, B is width and # is the height of the body [}3). 


In our case the value of the proportionality constant is k = 1.22 for all the ex- 
perimental animals. Thus, curves 12 and 13 are the values of the drag coefficients 
of a technically smoth plate during laminar (curve 10) and turbulent (Curve 11) 
flow (16), magnified 1.22 times. 
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Figure 4. Dependence of the Coefficient of Mydre ynamic Drag of Different 
Aquatic Animals and Their Models According to Re Number: 1-6-- 
the same as in Figures 2 and 3; 7, 8 and 9=<from data of [15], 
(9) and (19), respectively 


The emall spread of calculating pointe can be fully explained by the spread of 
experimental data by amplitude-frequency characteristics of experimental dolphins. 
The values of (, as in the case for ny, due to the reasons already outlined above, 
are somewhat lower than similar values found in [11]. All the values of ¢ for 
Black Sea dolphins are in the zone of mixed flow over their body. 


The drag coefficient of a model of the Black Sea dolphin in completely turbulent 
flow mode (curve 15) and with mixed flow with laminar section up to K,. = 0.687 
(curve 16) [15), aleo found by computer calculation, are shown in Figure 4 for 
comparison. The experimental points 7, found by B. N. Semenov, for a Black Sea 
dolphin with length of L = 2.05 meters, moving by inertia in a net enclosure, has 
a wide spread ((1-2)°107? and (0-2)-1074) and are apparently underestimated, which 
as the author himself notes [15], is related to the low accuracy of the results 
and the short averaging time (one second or less). The work of B. V. Kurbatov 

{7} should also be mentioned here, in which the coefficient of the hydrodynamic 
drag of some animals moving by inertia in a small biohydrodynamic channel is cal- 
culated. A drag coefficient of ¢ = (15-25)+10") was found in the range of Reynolds 
numbers of Re = (0.5-1.5)-10° for the Azovka dolphin, which is clearly exaggerated 
(this is prcbably explained by the strong effect of the walls of the channels 
since the crcss-sectional area was equal to only 0.85 m*). 


Points 9 are the drag coefficients calculated by the wetted surface for a dolphin 
of L = 1.86 meters and G = 52.7 kg [19], moving by inertia without bending-oscil- 
latory motions of the body. They correspond to drag of a solid equivalent in 
shape with almost completely turbulent flow. It should be noted that in the given 
case the photographs were made in 4 marine lagoon with an unsealed movie camera 
from the surface and it is unknown exactly whether the dolphin made any motions 
with the cauial fin or not during deceleration. 
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Moreover, attempts were undertaken to determine the drag of 4 moving dolphin using 
added draq (a turbuliging ring) (2, 16), However, the hypothesi« that 4 trained 
dolphin develops identical thrust both with and without the ring is not supported 
by critics since it is impossible to compare the thrust of the impeller in two 
modes without taking into aceount ite kinematic characteristics in both cases. 


The dependence of the drag coefficients of “Dolphin” modele (9) with body edges 
made in the form of a body of rotation according to NACA profile of series 66 and 
calculated by formula (2) on Reynolds number is presented in Figure 4, curve 17. 
Experimental poiit 8 corresponds to the drag coefficient of thie same mode) for 
the case when flow in the bow section of the model is artificially turbulized. 


The hydrodynamic drag of the body of a dead Asovka dolphin with length L = 1 meter 
(curve 18) was determined by towing in a basin [6]. It should be noted that there 
was 4 rod in the front part of the dolphin during towing which turbulized the flow 
somewhat. <A rapid increase of the drag coefficient at Re » 10° is apparentiy ex- 
plained by insufficient submergence of the towed body and accordingly by the effect 
of the free surface on the measurement resulte. 


The coefficients of hydrodynamic drag of different fish (trout, mullet, bliuefish 
and garfiesh, respectively), found by calculation, are shown by ((Re) by curves 
19-22 in Figure 4 (4). They hydrodynamic characteristics of representatives of 
eel-like fashion of ewimming--garfish--were determined by the formulas proposed 
in 1970 by G. V. Logvinovich [8]. 


For representatives of the Scombridae fashion of swimming (trout, mullet and blue- 
fish), the locomotive force which occurs on the fish due to the pulses flowing 
into the wake of the flow from the trailing edge of the caudal fin (14), is deter- 
mined by the formula 


n= F(R e(s— Hla + Ui) m 


Formula (7) for the Scombridae fashion of motion with linear variation of ampli- 
tude over the fish's body differs from that presented in [8] for the eel fashion 
of motion only by the multiplier in the braces. At v/L > 4 when the value of c/v 
is within the range of 1.05-1.15, the thrust with Scombridae fashion of motion, 
ail things being equal, is 10-15 percent less than that during eel fashion of 
motion. 


One of the factors which contribute to an increase of the hydrodynamic drag of a 
fish at low speeds is the circumstance that fish do not retract their pectoral and 
abdominal fins at low swimming epeeds, the effective of which on drag was not 
taken into account in the method of calculation used. As swimming speed increases, 
the values of the hydrodynamic drag coefficient of fish shift to the zone bounded 
by curves 12 and 13 and a tendency toward a decrease of hydrodynamic drag coeffi- 
cient is observed with an increase of the linear dimensions of the test objects 
and their swimming speed (i.e., with an increase of Reynolds number). 


The dolphin's hydrodynamic drag, found to be rather low in our investigations com- 
pared to known solids in hyd@dromechanics, can be determined by several specific 
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features. The streamlined shape of the body (the “Delphin” model), involving lam- 
inar flow, contributes to 4 decrease of the total drag of the dolphin. The trane- 
ient nature of the dolphin's forward motion, determined by the nature of action of 
ite caudal impeller, may also under certain conditions lead to a specific decrease 
of the drag of models after they are coated with a material having elastic 


properties. 


Analysis of the experimental calculated data presented in Figure 4 shows that the 
hydrodynamic drag coefficient is rather high at low ewimming speeds when the dol- 
phin has an excess of energy resources. The value of ¢ decreases significantly 
with an increase of swimming speed and consequently of Re number and the flow over 
the dolphin becomes mixed; moreover, a significant part of ite body surface is ap- 
parently subjected to laminar flow. 


Thus, the calculated data found on the basis of experimental investigations on the 
drag coefficient of the dolphin confirm the hypothesis of low drag of the dolphin 
compared to ordinary mechanical objects. It is feasible that the resulte will be 
checked in the future on mechanical models similar in shape. 


BIBLIOGRAPHY 


1. Voytkunekiy, Ya. T., BR. Ya. Pershite and I. A. Titov, “Spravochnik po teorii 
korablya” (Handbook on Ship Theory), Leningrad, Sudpromgiz, 1960. 


2. Grushanskaya, 7. Ya. and A. I. Korotkin, “Some Probleme of the Hydrodynamics 
of the Dolphin,” “Tezi®i IV Veesoyuz. konf. po bionike” (Report Topics of the 
Fourth All-Union Conference on Bionics), Vol 6, Moscow, 197}. 


3}. Droblenkov, Vv. F., “The Problem of Determining the Drag Coefficient of the 
Ship Shape,” SUDOSTROYENTYE, No t, 1960. 


4. Kayan, V. P. and Vv. Ye. Pyatetekiy, “Investigating the Qvieming Hydrodynamics 
of Fishes,” “Tez. doki. TV Veesoyuz. s"yerda po teoret. i priki. mekhanike” 
[Report Topice of the Fourth All-Union Congress on Theoretical and Applied 
Mechanics), Kiev, 1976. 


5. Kayan, Vv. P. and Vv. Ye. Pyatetekiy, “The FKinematice of Swimming of the Black 
Sea Dolphin as 4 Function of Acceleration Mode,” BIOWIFA, Wo 11, 1977. 


*&. Kozlov, L. Ff, V. Ya. Pyatetekiy and Yu. §. Savchenko, “The Towing Capability 
and Possible Swimming Speede of Dolphins,” in “Mekhanizmy peredvizheniya i 
orientateii zhivotnykh” (The Mechaniems of Locomption and Orientation of 
Animals), Kiev, 1968. 


7. Kurbatov, 8. V., “The Hydrodynamic Drag of Live Necters,” “Tezici IV Veesoyuz. 
konf. po bionike,” Vol 6, Moscow, 1973. 


8. Logvinovich, G. V., “The Mydrodynaricse of Swiaming of Fishes,” BIONTEA, Mo 7, 
1973. 


68 





%. Petrova, |. M., “Gidrobionika v eudestroyenii” (Hydrobionics in Ghipbuilding), 
Laningrad, 1970, 


10. Pyatetekiy, Vv. Ye. and Vv. BP. Kayan, “The Kinematics of Swimming of the Black 
bea Dolphin,” BIOHIKA, No 9, 1975, 


li. Pyatetekiy, V. Ye. and Vv. BP. Kayan, “The Hydrodynamic Characteristics of 
Swimming of the Black Sea Dolphin,” BIONTRA, Ho 10, 1976, 


12. Pyatetekiy, Vv. VYe., Vv. P. Kayan, bL. F. Koslow and BW. BP. Semenov, “Device for 
Investigating the Kinematics of Swimming of Dolphins,” BIONWIKA, Wo 12, 1978. 


i}. Momanenko, Ye. V., “The Mydrodynamice of Fishes and Dolphins,” MORSKDYE 
PRIBOROSTROVENTYE, SHRIYA ARUGSTIFA, Wo 1, 1972. 


14. Gavehenko, Yu. 8.,and Vv. T. Gaweohenko, “Analysis of the Inertial Porces When 
Calculating the Thrust of a Flexible OQvieming Body,” BIOWIKA, Wo 7, 197}. 


15. Semenov, 8. 8., “The Existence of the Hydrodynamic Phenomenon of the Black 
Sea Dolphin,” BIGHIFA, NM 3}, 1969. 


16. Gehlichting, 4., “Teoriya pogranichnogo sloya” (Boundary layer Theory], 
Moscow, Nauka, 196°. 


1). Gray, J., “Stwhies in Animal Locamotion. The Propulsive Powers of the 
Dolphin,” JOURNAL OF EXPERIMENTAL BIOLOGY, Vol 1}, Ho 1, 1936. 


i8. Lang, T. G., “Hydrodynamic Analysie of Cetacean Performance,” in “Whales, 
Delphine and Porpoieses,” edited by &. &. Norris, Rerkeley, Los Angeles, 1966. 


19. Lang, T. G. and EK. Pryor, “Hydrodynamic Performance of the Porpoise (Stenellas 
attenuata),” SCIMICE, Vol 152, Mo 3721, 1966. 


20. Lighthill, ™. J., “My@romechanice of Aquatic Animal Propulsion,” ANNUAL REVIEW 
OF FLUID MECHANTCS, Vol 1, 1969. 


21. Ww, T. ¥., “Hy@romechanice of Gwieming Propulsion,” JOURNAL @& FLAUTD 
MECHANICS, Vol 46, M 3, 1971. 


69 





upc $99,537 
DEVICE FOR INVESTIGATING THE KINEMATICS OF SWIMMING OF DOLPHING 
Kiev BIONIKA in Russian No 12, 1978 pp 55-58 


[Article by V. Ye. Pyatetekiy, V. P. Kayan, L. F. Kozlov and WW. P. Semenov, 
Institute of Mydromechanice of the Ukrainian SSR Academy of Sciences) 


(Text) Study of the physical characteristics of transient flow over fast-ewimming 
marine animals is one of the interesting ecientific trends of modern bichydrome- 
chanics. Several methods, one of which aseumes the use of movie-film data, are 
now used for quantitative determination and analysis of the hydrodynamic character- 
istice of ewimming by aquatic animals. In this case the experimental animals are 
placed in on-shore tanks or into net cages located in the open sea and their be- 
havior, speed, trajectory and elements of the kinematics of swimming are recorded 
using aerial or underwater movie filming. Thus, for example, the swimming motions 
of dolphins and sperm whales were recorded using underwater movie filming at Marine 
Land Basin (Florida) with subsequent analysis of the movie frames (6). In the 
summer of 1966, the ewimming speed and acceleration of two Black Sea dolphins were 
determined from data of underwater movie filming in a cage {?!). 


The speed of the Pacific bottlenosed dolphin was measured by 4 movie camera in 
the Hawaiian Islands in 4 emall lagoon enclosed with a metal net [4]. Attempts 
were made to study the kinematic characteristics of ewiaming of dolphins by sur- 
face movie filming in 4 circular channel with glass walls in the working section 
of the channel [1). However, the elements of the kinematics of ewimming of dol- 
phins, especially at high speeds, can be determined better on 4 straight course 
Since the values have 4 significant error when processing movie films of curvilin- 
ear motion of the animal. 


The elements of the kinematics of ewiaming of the dolphin in transient aodes vere 
measured by the indicated method in 4 emall tank measuring 15 * 7 meters (5). The 
speed and other elements of the kinematics of swimming of the Azov dolphin, which 
was in the open eee in 4 net cage measuring 40 © 6 X 5 meters (2) were determined 
in 1970 using underwater movie filming. 


The experimenter must take ito account the light absorption and scattering in the 
water, its transparency, the lighting conditions of the objects under investiga~ 
tion, the hermetic sealing and strength of the apperetus and various attachments 
used and mpreover he must encounter a number of conditioned and unconditioned re- 
flexes of aquatic animals in the presence of feedback from the surrounding environ- 
ment during underwater movie filming, especially when investigating high-speed 


70 











transient processes in an aquatic medium, Thue, the metowod of determining the 
apeed and other elements of the kinematics of ewlmminy Of aquatic animale in tanke, 
coastal net cages and in the open sea using wilerwater movie filming aleo has «4 
number of disadvantages. A special device wae developed, manufactured and tested 
to eliminate them, i.@., to inerease the effectiveness of etudying the kinematice 
of swimming of aquatic animals, specifically 


The animal under investigation ie placed in o etraiyht on-shere channel of ree- 
tangular cross-section, in the middle part of which one lateral wall is glassed, and 
on the other wall and the bottom are placed 4 rectangular enordinate grid, which 
permits one to investigate the elements of kinematicn of swimming of the animale 
in the vertical and horizontal planes by methods of surface movie filming (includ- 
ing the use of stereo photography) when the object under investigation is under 
conditions close to natural. The channel is equipped with epecia! carriages: one 
moves the bait for the animal at given speeds and the other moves the enclosure 
cage for catching it in the channel. Moreover, it is equipped with 4 loading-un- 
loading and transport device with a cage for transfer of the animal to the channel 
and for moving it inside the channel (figure). 





Device for Investigating the Kinematics of Swimming of Dolphins 


The channel 1 is 4 long strong metal etructure installed on 4 rigid foundation, 
which ensures retention of the linearity of ite axial line after being filled with 
water. The length of the channel is selected as sufficient to provide a “working 
section” in which the animal under investigation can sove with miform epeed. The 
transverse dimensions of the channel are selected eo that ite walle and the free 
surface of the water do not affect the aotion of the experimental animal at the 


required speed. 


There is 4 glazed section 2 with coordinate grid } in the mid-pert in one of the 
lateral walle of the channel. The dimensions of the section depend on the dimen- 
sions of the animal under investigation, it is desirable that several lengths of 
the experimental animal be added on the length of the elased section of the channel. 


1 








The filling and drainage system provides rapid replacement of water in the chan- 
nel, which makes it possibie to maintain sufficient transparency of it. 


A epecial enclosure cage 4 is provided to cateh the animal in the channel, it is 
loaded and unloaded by meane of 4 telpher crane ‘5 and a specially designed trans- 
port cage 6. An additional carriage 7 with bait which moves along a monorail 6 
extended above the level of the free surface of the water along the channel in ite 
plane of symmetry, is provided to train the animal to ewimming speed. 


A raised platform ® with laboratory bench and control console 10 is installed sev- 
eral meters opposite the glazed part of the channel, parallel to it. Electric 
power is supplied to the bench, due to which the electric drive 11 which services 
the carriage 7 and aiso the electric drive 12 desiqned for the enclosure cage 4 
can be ewitched on. A movie camera 1! for stereoscopic filming of the ewimming 
of the animal under investigation 14 is installed on this same bench. A movie 
camera 15 inetalled on 4 special tower above the free surface of the water in the 
channel in the region of ite working section serves to record the trajective mo- 
tion of the animal in the horigontal plane. An electronic timer 16, which is set 
into motion simultaneously with the movie cameras 1}, is located in the visual 
field of two movie cameras 1} operating synchronously. 


The device for investigating the kinematics of swigming of dolphins is used in the 
following manner. 


The animal under investigation, delivered by transport cage 6, is released into the 
channel and initially trained to swimming speed along the channel using bait. 

After the indicated goal is reached, the animal begins to swim from one end of the 
channel to the other at 4 specific signal of the trainer. The experimenter 
switches on the movie camera 1) and electronic timer 16 at the moment when the 
animal passes the “working section” when it is swimming on the background of the 
coordinate grid }. The movie cameras 1) are used as 4 stereo pair, wile the 
third sovie camera i5 is ewitched on to record the motion of the animal in the 
horizontal plane. 


Compared to devices to conduct similar investigations in the open sea, @ marine 
sage or in an ordinary on-shore tank, the given device has the following 


advantages. 


we angle of viewing the object is increased up to 25 percent with the same fiilnm- 
@ optice, since the effect of the refractive index upon transition from an air 
a water media ic insignificant in the given case and the image size in the 
sual field is essentially dependent only on the distance between the movie canm- 
°° and the filming object, while the visual angle of the objective cannot be in- 
eased in this manner under widerwater conditions (in the open sea, cage or tank) 
to light scattering and the inhomogeneity of the water sediw with random 
- tribution of the refractive index. 


™ technique of movie filming is simplified (there is no need to seal the movie 
ü— — and other attachrents and devices). 


The mer range of the investigations is increased significantly since filming is 
acco Lished in air and light absorption and scattering in the water and the trans- 
parecer: / Of the water essentially have no effect on the results. 





The animal under investigation does not respond to the movie operator since he 
essentially does not see him and does not hear the noise of the operating camera. 


It ie more convenient to use stereo filming and also movie recording of the tra~- 
jectory of motion of the animal in the horizontal plane in the given case compared 
to underwater movie filming in the open sea. 
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INDICATORS OF THE HYDRODYNAMIC DRAG OF SQUID TODARODES PACIFICUS (STEENSTRUP) 
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{Article by 8. V. Kurbatov, Institute of Biology of the Southern Seas imeni A. 0. 
Kovalevekiy of the Ukrainian SSR academy of Sciences) 


(Text) Squid occupy 4 special place among the numerous species of marine animals. 
The use of a hydrojet impeller for swimming was determined by a number of charac- 
teristics in their internal and external body structure. The hydrodynamics of 
equid is unique. The well-streamlined, spindle shape of the body, suction-blowing 
of the boundary layer, variation of the body configuration during motion and other 
characteristics permit squid to achieve rather high swimming speeds [2). 


Study of the characteristics of squid which determine the reduction of hydrodynamic 
drag is of significant interest. Experiments carried out by physical and mathemat- 
ical modelling are usually related to specific assumptions and simplifications, due 
to which they are comparatively approximate in nature. More accurate results can 
be achieved when working with live objects. 


The results of experimental determination of the overall hydrodynamic drag encoun- 
tered by live squid of Todarodes pacificus (Steenstrup) when ewimming at different 
speeds are presented in this article. The data, along with other hydrodynamic 
characteristics, can be used when determining the characteristics of squid hydro- 
dynamics and when analyzing their efficiency of motion. 


The investigations were conducted in August-September of 197! on an experimental 
basis. Fight specimens of Pacific squid (see table) were used in tle experiments. 
The squid were caught with equid traps on the day of their experiment. Immediate- 
ly after being caught, the animals were placed in tanks with sea water, transported 
to shore and transplanted to net-enclosed ponds (1 xX 1 KX 0.8 meter) with 1-2 spec- 
imens in each. Immediately prior to the beginning of work, the next squid was 
transferred from the pond to the flow channel in which it swam freely. 


The investigations were carried out by a method which we developed [4] using de- 
signed equipment consisting of a collapsable flow channel and an automatic system 
with the recording apparatus (Fiqure 1). The channel consists of three 2-meter 
sections connected by bolts and having cross-section of 0.6 % 0.5 meter. Two 
parallel quides for the platform of the tracking system are installed on 12 sup- 
porte above the channel (1.5 meter above the water surface). All the structures 
are manufactured from ANG-5 rolled steel to reduce mass and to protect them against 
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corrosion. The locomotion and parameters of motion of the animale in the channel 


were recorded by using the corresponding sensors and movie camera installed on the 
mobile platform of the tracking system. 





Figure 1. Overall View of Flow Channel 


The platform, set in motion by 4 reversible OC electric motor, moves on rollers 
along the two guides above the water surface of the channel. Electric energy to 
power the assemblies of the system and of the recording apparatus is fed to the 
platform by a freely hanging multietrand cable. 


Main Data of Squid Used in Experimental Investigations 
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The bottom of the channel is peinted ifn @ iiaht tene over ite entire 
refiectivity of te surface and of the bed) surface of the animal being Obeerved 
are different even in the presence of active homechromy in 

ference is detected by the scanning photodetectors of the eyeten. 
elements of the photodetectors are photoresistore of type FED-0, connected if « 
bridge circuit. Shert«-feeus lenses are used ae optical eveter of ceneare. 


| 


the the 

The four ph todetectore are attached in paire alone the edges of the piatfor. 
Hach pair scans 4 section of the water meee over the entire width of 

and on 0.% meter along the longitudinal anise. The size of the 
under the platform is established by varying the angie of imelination of the sen- 
sore to the bettor plane, which siq@nificantly accelerates adjustment of the seyeten 
when working with animals of different sige. 


: 


When an object of observation is meving slieng the channel, ite image falls inte one 
of the scanning fones and the bridge cireult i¢ wabalenced in thie case, which in 
turf causes the appearance of an error signal. The signal amplitude depends on the 
contrast of the object on the background of the better and the depth of ite pene~ 
tration inte the scanning fone, while the polarity depends on the direction of 
motion. 


The unbalancing signal ic amplified by two appiifiere (@ preliminary and power 
ampiifier) and is fed to the eetusting electric soter Wich mewee the pletform in 
the direction of smtion of the observation abject et « epeed preportional te si¢- 
nal amplitude. If the animal i¢ Outeide the scanning fone, the balance of the 
bridge circuit of the photosensore ie restored, Thus, the pietform is constentiy 
over the observation object during operation, moving syrchromousiy with it along 
the channel. The time constant (0.07) second) and other @ynamic characteristics of 
the system provide stable observation of the animale (with tetel length of 7 om or 
more), Sowing at 4 speed up to 6 m/e at acceleration wp te 2 w/e? 


A version of remete control without using photeobeervatior hee been provided in the 
design of the system. In this case the operator vieuslly Gbecerwes the animal ewin- 
ming in the channel, matching the motion of the platform with it by usi 

able comurol console. Information about the speed and direction of notion of the 
platform (the sensor is 4 & techogenerator) ic fed to « 

Simultaneousiy connected to @ Konwes-Avtcmat movie camera. The simultaneity 
connec (ion was provided by — special relay bicck. Preci 

frames with the oscilloeraphs during processing achi 
are sper Lsposed on the oscillioerame éur 
by af automatic device deweloped by the suthor tach marker on the oecillograr 


corresponds to 4 photographed frame. 


Active @Otion of squid? ie accomplished apiniy by @ hyérojet impeller, but the ani- 
malic use unculastion of the caudal fin te create loconptive force in cases of siow 
svirming and when maneuvering at low speeds. he process of hy@rojet swimming is 
accomplished in two stepe. The first step is filling the mantic cavity with weter 
and the second is diecharge of the weter through the funnel. Periodic diecharges 
of a jet of water create 4 propulsive force, due t© which the equid sever. The 

animal's bexdy foves by inertia with subsequent intake of water after each thrust. 


; 
i 
: 
; 
. 
i 





L=Fanpar c. 





er e of the reduced masse of the water, 0 is the density of 
see water and «4, b and « are the semianes of an ellipsoid of rotation equivalent 
te the anime). 


eration @v/4t wee determined from experimental data in the following manner. 
the Govie filme were processed by inepection, sections of inertial motion of 


After this, aoceleration: @v/@t = (hy « hp)k/t, where hy and hp are the amplitude 
values Of velocity on the osciliogram, & is the calibrated coefficient of the 
velority meter and t ic the time of inertial motion, wae then calculated for each 
section of inertial aeticon. 


The coefficients of total hydrodynamic drag (Cy) in all ranges of velocities of 
inertial setion recorded in the experimente were calculated for each specimen by 
the formulas 


where fF ic the Greg of wetter, © ie the density of sea water, v ic the speed of the 
animal ace © ie the ares of the wetted body surface. 


The ares * wae determined by adding the areas of the elementary plane geometric 
figures inte which the entire external body surface of the animals was arbitrarily 
divided. 

The Reynolds mumber wee calculated by the formulas 


a 
Rem =. 
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where v is velocity, L is the total body length of the equid and vy is the coeffi- 
cient of Kinematic viscosity of wacer, 


The calculated values of Cy and Re were weed to find the function Cy = f (Re) 
(Figure 2). Since the spread of points for eight squid is insignificant, a single 
averaged curve is presented in Figure 2. As can be seen, the values of Cy decrease 
exponentially to 0.008 (at Re * 7°10") as Reynolds number increases. Coincidence 
of the curves for different sized objects indicates an insignificant effect of 
fluctuation of the total length in the range from 35 to 46 om on the value of total 
hydrodynamic dreaq. 


Comparison of the results of measuring coefficients Cy of squid to similar indices 
of such high-speed fishes as mackerel, bluefish and mullet (1) shows that these 
values hardly differ at equal values of Re, despite the significan. 4i ferences in 
external organization and methods of locomotion of squid and fishes. 





>OsOeF <€o 
a mr Sher, « 





Figure 2. Function Cy * f(Re): 1-3--correspond to numbers of objects in 
table 


Beatablishing the characteristics of motion of squia, due to which hydrodynamic drag 
during swimming is reduced, is of theoretical interest and may be of considerable 
significance in hydrobionics. 
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THE KINEMATICS OF A FLEXURAL-OSCILLATING PLATE 
Kiev BIGNIKA in Russian No 12, 1978 pp 62-67 


[Article by 8. M. Dombrov and Ye. D. Sorokodum, Taganrog Radio Engineering 
Institute) 


(Text) When a flexural travelling wave with low vibrational amplitude is propagat- 
ing along a plate, the componente of the plate essentially make linear oscillations 
in the traneverse direction. A ftlexural wave of finite oscillation amplitude oc- 
curs during the motion of many hydrobionts. Therefore, it is interesting to con- 
sider the kinematics of the components of a plate along which a flexural wave of 
finite amplitude is propagating since this may contribute to construction of the 
physical flow pattern and forces near the plate. 


Modelling of a flexural travelling wave by oscillations of the leading edge of the 
mlate is appacently more rational than oscillations of 4 plate by means of a4 sys- 
tem of rods «ttached along the entire length of the plate (4, 2). But reflected 
waves occu in this case. Let us take a straight travelling wave propagating 
along 4 plate and an inverse travelling wave partially reflected from the trailing 
edge of the plate. Let us assume that they make themain contribution to formation 
of the form of oscillation of the plate. The form of oscillation of the plate 
will then have the form 


y = @, cos (at — br) + a, cos (ot + bx + a), (1) 


where x and y are coordinates of the pointe of the travelling wave. t is time, aj 
and a> are the amplitude of the forward and inverse waves, respectively, f = w/?™ 
is the vibrational frequency, k = w/e is the wave number, c is the phase velocity 
of the travelling wave and @ is the phase shift between the two waves travelling 
opposite each other. 


Let us assume that a «= 0 since by 4 simple shift of the beginning of time counting 
andi the origin @long the Ox axis (t* = ¢ - (a/2w) and x" = x - (a/2k)), equation 
(1) can be reduced to the form 


¥ = 0, COS (at — Ax) + a, con (et + ax) - 


Equation (2) can be rewritten in the form 


y = (0, — @,) cos (ot — bx) + 2a, cos of cos he, 
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i.@., Superposition of the travelling and standing waves is established on the 
plate. As ia known, from (27) one can find 


y = A(i)cos(kx + @(M)), (3) 


where 


A) VF > ara, or Dal, 


‘ é, — % 
eeinm op, eo 


Thus, with the given assumptions the shape of the plate has the form of a sinusoid 
with variable amplitude (Figure 1). The phase of the wave (kx + wit)) is a peri- 
odic function of t with period equal to "/w = 1/2f. As a result, the given shape 
has the form of a “variable travelling wave,” which moves similar to a travelling 
wave but only with irregular velocity and variable amplitude. 


A “pure” travelling wave is found at Ait) = aj, @(t) = -wt + nv and n= 0, 1, 2,... 
-» (a2 * 0) and « “pure” standing wave is found at Ait) = Jajcoswt and ¢it) = 

= nt(a2? = a)). One can find from (3) the velocity of any point of the plate of 
the shape under consideration. At y = yo we find 


5 |- ptny Se + Seat! (4) 


The case when y = © is the most important. We then find the propagation velocity 
of the mean point of a “variable” wave. From (4) at yo = 0 we find 


Va® q— a 
Td + d+ teapot 





It is easy to find 
max Ven 5 te at wins + AN, a, * ay: 


inves > at Of mean, ae, 1,2,... 


The mean velocity during the period will be equal to the velocity of the standing 
wave w/k at ap * 0: 


4 
* Vat m= ac, where T = © 


We will not analyze the given shape in gore detai’. Let us say only that there is 
no difficulty in ‘deriving simple formulas for calculating 411 the parameters of the 
wave under consideration, especially those required when working out methods of 
experimental investi zations. 





Figure i. 
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Trajectory and Zone of Variation of Trajectory of End of Plate: 
a--with Length of plate & = const; shape of plate during prop- 
agation of two waves travelling opposite to each other along it: 
h--yut © Oy 2=-ut = 6/4; Demat = 8/2; €-—uR = (3/6)%; S--uR © 7; 
G--yQ = (5/4) 0) Te-ut = (3/2)%) O--ut = (774)%; be--incase of a 
standing wave; c--in case of a “pure” travelling wave: Sand 5, 
are the angles between the direction of the speed of the end of 
the plate and the plate; d--broken lines which limit the inetan- 


taneous shape of the plate }. 
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if a flexural wave of type (1) (1.¢., either 4 standing, traveliing of @ combina- 
tien of standing and travelling waves) is propagating along 4 plate, the trajec~ 
tories of the points of the plate will be some curves rather than straight lines, 
ae i6 assumed in the case of emall vibrational amplitudes. 


One must know the form of the trajectories iteelf and ite characteriatics to de- 


termine the effect of the trajectories of the pointe of the plate on the surround 
ing mediue. The length of the plate having shape ()) is equal te 


—BR i > OT vin lee > ©) de, (5) 





where ko ie the abeciesa of the end of the plate. 


After transformations i, }), from (5) we find 
aS (x, 0=— VT — Ee, P) - 
| se, oo oi @_ cos ' 
— 040 | See — —— 


where £ 4,3) is an incamplete elliptical integral of second kind in normal Legendre 


(6) 


form: 
An ees 
pes = ; ane, © 6 ; ne, wn ®@,, i 1,2; 





o =a, +o. o, = 00 


Pquation (6) gives the dependence of ap on t (the trajectories of the pointe of 
the plate) in implicit form at fised value of © (xo, t) = const. Mamerical cai- 
culation, the results of which are presented in Figure i, a-c, wae carried out to 
calculate the trajectories. Defining curve ) (Figure i, 4) having length & as 
broken, one can find approximately the fone of variation of the trajectory of the 
end of a plate with length &: 


—— 


+a rm 


Por a “purely” travelling wave, the trajectories of the points of the plete can be 
found by a different method. Frome (6) 





Sn — 2 Tae aT — vy ae) + 





+VT Pinta ———— (7) 











To find the trajectories of the pointe of the plate, let we aeeume Hhat Bit) * 
* eonet, then fram (7) we find 


ap =$|\- V eo 


Bquation (8) determines the desired function f(t) in implicit form. ft is clear 
that the function f(t) ie alee dependent on £10), 








Tt ie easy to eee that partial solution of equation (7) hae the fous fit) = (*/h)n, 
me O, by 2y cacy dete, Ghe GQrajeeteries of the pointe on the plate in the epecial 
ease have the form « + (*/k)n and y = («1)"ajcoswe, 


Gre can aleo arrive at the conclusion of the existence of thie partial solution 
purely loeteally by considering the figure of 4 travelling wave. 


The trajectories of the end of the plate in the case of props ation of « “purely” 
trevelling weve along the plate y = a cos(wt~ ke) are presented in Figure i, c. 

The pointe of the plate under consideration fluctuate, describing trajectories 
having the shape of figure eights with different siopes. The trajectories have the 
form of straight lines at pointe = = (*/k) . The patterns of the trajectories re- 
peat on segments [(*/k)n, (/k) im * 1)), 

















Piqure 2. Pattern of Flows Create’ By Horizontal Movements »f Pointe of 
Plate (a) and Pormed Along an Gecillating Plate (bb): O--in- 
cident wave; c--welocity of travelling wave 


Motion is accomplished counterclockwiee in the upper half-plane and it is acoam- 
plished clockwise in the lower half-plane. As 4 result, the tip of the plate a4i- 
ways @oves in 4 direction opposite the flow (the flow is directed slong the Ge 
axis) in the extreme positions (when y reaches extreme values) and the velocity 
of the pointe of the plate in the extreme positions is cameiderably greater than 
in the ean positions. The suggested pattern of flows (hesed on results found by 
the trajectories of the pointe of the plate) near the plate only due to nonlinear 
postulation of the problem, i.e., taking the trajectories considered ahove into 
account, ic shown in Figure 2, 4. The @pet interesting are the sones located in 
the wave troughe; incident flow 0 will predominate on the wave crests and the 
flows occurring due to horizontal gotions of the pointe of the plate will be se- 
verely distorted and suppressed. The derived pattern ic in qood egreament with 
experimental resulte (5) when the velocity of the incident flow ice greater than 
the wave velocity (Figure 2, b). 
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Tt should 4180 be noted that the angle between the direction of the velocity of 
the point of the plate and the plate is greater on segment MP (Figure i, ©) than 
4 similar angie Of segment Mh), and it is opposite on segments CB and ©) 8). 


The angie on segment OCW under consideration increases and sharply decreases on 
segment MA. It varies quite differentiy on segment AyD): it inereases On segment 
DyCyN and decreases On segment WRUMjA,. It is underetandabie thet the fiew pat~- 
tern in the process of vortes formation in the cases under consideration will be 
different and therefore the form of the trajectory of the end of the piate (and 
of the pointe of the plate) plays 4 specific role in selection of optimum param 
eters of the plate (thie ie especially important in consideration of boundary 
effects) 


Let uw pote One peculiarity. The end of the plate always @oves in the direction 
of inc cent flow in the sid-part of the trajectory (in the region of point 8) and 
ie see®riogly repelled from the surrounding mediwe and thue creates additional 
thrust 


The importance of taking the trajectories of the end of the plate inte secoount 
aiso follows from analysis of them upon superposition of two waves travelling op- 
posite each other (Figure 1, a). Thus, Besides the characteristice presented 
above, those such as different vibrational amplitude of the end of the plate, dif- 
ferent directions of rotation in the derived figures in the form of figure eights 
and very complex forme of trajectories in the sone of the nodes not realized on 
the enc of the plate during experimentel investigations are added. 


Tt 16 Obviows that the motion of the pointe of the plate is directed toward the 
fiow in the extreme positions prior to node (ke <(*/2))and it is directed opposite 
the flow after node (ke » ("/2)). The indicated phenomena help one to better 
aalyee the mechaniem of vortex formation, the fiow pattern near @ vibrating piate 
an? to select the plate parameters. Ali the enumerated principles must be taken 
into account when constructing @ physical model of flow near a vibrating plate 
along which @ flexural wave is propagating. 
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THE PRCT OF THE DIFFUSER HATURE OF A CHADIIEL AND THE GHAPE OF THE GSaIT-CFT 
ELEMENT On THR BYDRODYHANIC DRAG OF ARTIFICIAL MRART VALVES 


Kiev BIONTEA in Russian M 12, 1978 pp 67-7) 


Article by fF. G. Ugiev, ¥. &. Bubteowekiy, ©. 8. Sushmarin, FP. I. Orlower! 
Yu. V. Serayev and Yu. A. Perimev, Leningrad Medical tretitute and Leningrad 
Polytechnical tnetitute) 


(Text) There is 4 danger of an inorease of hydrodynamic drag when affected heart 
valwee are replaced with eynthetic ones. The value of drag ic affected by the 
cheracter! tice of valwe desian, which imelude the ratio of the area of the hydro- 
dyeamic Grening of the seat to the area of the leteral surface of « trunceted cone 
surrounced by the seat and the shut-off element in ite fully open stete and sieo 
the value of the opening of the seat, the shape of the inlet and outlet, the de~- 
sign of the shut-off element, ite inertia, Blood flow rate, time of diastolic fill- 
ing and systolic diecharge, heart rate and «0 on. Along with the enumerated design 
characterietice of eynthetic walwee, the waive of drag ic aieo dependent on bicloe- 
ical factore affecting the configuration of the prostheses. Ingrowing of the seat 
may lead to constriction of ite hydrodynamic opening, While a decrease of the heart 
chambers, related to improwement of hemodynamics, frequentiy leade to constriction 
of the mobility of the shut-off clement, cometriction of the epace and variation of 
the shape of the lateral channel between the proethesie and the walle of the ven- 
tricie of sorte, frequentiy called the “tertiary opening.” The indicated relation- 
shipe make it difficult to wnderetand the causes for development of the low cardiac 
diecharge syndrome with ali the ensuing unfavorable consequences for the patient. 
Consequentiy, the effect of various eapes of channels on the hydrodynamic 4rag of 
artificial heart walwes should be subjected to careful etudy. 


Tt i@ Known that the vwalwe in the heart channels is lo ated in the channel with 
crese-sectional area increasing in the direction of flow, called the diffuser. The 
angie of diffusion of the left wentricle in the flow paths of patients with sacquir- 
e¢ heart defects, calculated by means of single-plane cineangiocardiography, ac- 
cording to our data (1), fluctuates in the following range: 55 + 15° in patients 
with mitral stenosis, 72 + 9° in patients with mitral stenosis and insufficiency, 
96 + 19° in Getients with mitral insufficiency and 79° in patients with aortal and 
mitral setenosie, while the angles of 4iffusion increase ae the systolic, diastolic 
and etroke volume increase 


The purpose of thic investiqegtion ie Lo establieh the effect of various angles of 
diffusion of the channele, the ‘ietence fram the seat to the shut-off element and 
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Calculation of the optimum path of the shut-off element on the drag of the vaives, 
The resuite of the experiments made it possibie to anal: se the hydrodynamic prop- 
erties of same specific domestic artificial microheart valves with shut-off ele- 
ments if the shape of a ball (M®Ch<)-25 and MEOh-) 36), hemiaphere (MECRK<)-27) and 
a iene (MFOh-)-29), whieh le @ necessary condition in selecting the optiaur desian 


of 4 prosthesis prier to surgery. 




















Installation for Investigating the Flow Over Shut-Off Elemente of 
Artificial Meart Valwes: i-=-blast pipe: 2<<firet Grain opening: 
j=-cylindrical segment, 4--diaphragm,; ‘S--interchangeable nogzie- 
4iffuser or cylinder: 6--model of shut-off element of artificial 
heart valve; “<-cylindrical pipe; §--brass support pipe; »--at- 
taching device; 10--microtube, “-1 and “-2--alcohel pressure 


gauges 


Figure i. 


Simuiating the transient fiow over artificial heart valves in a biclogical syster 
is related to considerable difficulties; therefore, a quasi-steady approach was 
used in this paper The hydrodynamic criterion of the transient nature of the 
process is Struhal number (9), which ic a dimensionless complex of parameters 
hich characterize flow and has the form Gh = Mi/G, where W = 1/T is the frequency 
of the process, T is the period of the process and 4 and G is the dimension and 
velocity. The dimension ¢ = 9.9795 @ ie the sean diameter of the left atrioventric~ 
ular opening. At @ pulse rate of “5 beate per minute, T = 60/75 = 0.8 second and 
n * 1. ase4, GS is the mean cross-eectional velocity of blood flow during diastole 
equal to °.i2 as. Thus, the Struhal number for a mitral valve comprices 


me 








Bh = (1,25°0,095)70.12 © 0. 965 and Lt be considerably lees for an aortal valve, 
Coneequentiy, Uhe Struhel number ie emall and therefore the process of eyetole 
may be regarded in the first appromimation a6 cansisting of alternating stages 
Of steady flow over the shut-off elements of valves under conditions of eylindri- 
eal diffuser Channels and thoee which sequeniially replace each other have dif- 
ferent expansion angles from minieouw to aeniow. 
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Figure 2. Variation of Drag of Valwe Model With Lene-Like Ghet Off Element 
in Different Channels a6 6 Punction of the Dietance of the lens 
to the Diaphrege at Re = 5,300: i--diffaeer channel, Gp * 65°; 
e--diffuser channel, @, + 18°; I--cylindrical channe! 


This investigation was carried out in 6 epecial wind tunmmel (igure 1) in which the 
air flow was created by 4 blower. A cylindrical tube which simulates the left 
auricle and the left ventricle during systole were connected in series to three 
different rigid cylindrical channels and diffusere with expancion angles of a. + 18° 
and G> = 65° in which the flow ower the walwe being tested wae 4leo inweetiqn ced. 

A diaphreg@ which simulates the seat of the artificial heart walwe wae located at 
the point where the cylindrical tube and chanmele were commected. A amte’ of the 
shut-off element ie bell, hemiephere or lens) wae placed in the working section be~ 
hind the diaphrege by gseans of «4 support~-« brecs tube. The cylindrica: section, 
Which is 4 continuation of the working part of the inetsilation, had « length of 
approniasately 10 calibers of the channel in front of the diaphreag: and wee designed 
to equalize the velocity field disturbed by the diapt rage and the shut-off el ment 
under vestigation. The installation agede it poesibl: to determine the drag of 
the @o tel by measuring the pressure Gropp. Two sicoho! pressure gauges were voad 
for trie. 


The | pressure gauge recorded the opereting ecte, seacured the velocity head 

——n— no ke Pecae!) Qn4 was connected to the microtube and to the Grain 
in the wall of ft Cylindrice! section in front of the diaphreag The 

™ 2 pressure gauge measured the pressure ices during flow over the made! of the 

shut-off element. The velocity field in front of the claphrege was seecured by «4 
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J 1 
velocity tube ané the mean flew velocity i> \ wy was Caleviated, where ro is 


the radius of the cylindrical seetion located in front of the diaphragm, fF is the 
flow radiue and uw ie the velocity at 4 point with fadiue f. The ®easurementse were 
made at Reynolds numbers close to full-seale: fe, = 5,100, Rep = 8,300, Rey = 

= 11,000 and Reg = 16,900, where Re = GD) /v (0) ie the diameter of the cylindrical 
channel in front of the diaphragm and » is the kinematic coefficient of viscosity 
of air). The installation was made while obeerving the rules and requirements of 
hydrodynamic similarity. The ratios of the diameter of the shut-off element and 
the dimensions of the diaphragm corresponded to those of serial models of arti- 
ficial mitral and aortal valves. The range of Re numbers in the tunnel was some~ 
what Sieher than the values under natural conditions but this should not signif- 
jeantiy affect the results of the experiment. 
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Figure }. Variation of Dreg of Model of Valwe With Ball Shut-Off Element 
in Different Channele as 4 Function of the Distance of the fell 
to the Diaphrage at Re = 5,300; i--diffuser channel, a) = 65°; 
2--diffuser channel, 1 = 16°; }--cylindrical channel 


As © result of the experiment graphs © (2) were found where ¢ = p/p (8"/2) is a 
dimensionless coefficient of the drag of the aenodel under investigation, o is the 
density of air, Op is the pressure drop on the model and = = £/Dy is the dimen- 
sionless distance from the diaphragm to the shut-off element. The effect of the 
nature of the channels and aleo the shape of the shut-off element or *he drag of 
the walwes is Gbviows from the eraphe (Figures 2, } and 4). The curwese of the 
irae of a lene model © (2), compared to « hemisphere and bali, proceed signi ficantiy 
higher and vary sore sharply a6 4 function of dietance >. The drag of 4 liens, 

like any other shut-off element, does not always constantly depend on 7 at a con- 
siderabie distance from the diaphrege, but is a function o the shape of the body, 
the ratio of the diameters of the model and channel and 41.0 of Reynolds sumber. 
The flow in front of the lene sharply changes direction, @ue to which “impact” of 
the stream against the wall of the channel occurs, which leads *o an increase of 
the energy loes an? 4160 to an increase of drag. As the lens approaches the dia- 
phrege, these losses begin to increase due to an increase of the angle of encounter 
of the flow with the wall of the channel. When the lene is located very close to 








the diaphregr, ite iraq increases sharply due te reduction of the through seetion 
between the (laphred® an’ the ehuteoff element, which becomes leee than the area 

of the ring enclosing the lene and the wall ef the channel. Upen approach te the 
diaphreg, the individuality of the shape of the ehut@-off element loses signifi- 
eance ah!) dreq becomes appresimately identicoa! for a1) elemente it fellows from 
the oraphs of C18) that the soet advantageous path of the shut off element is de- 
termined by the value of 7 at which the value of the drag coefficient becomes fin- 
iow. This value wae aleo rather large for valves that were unacceptable in 
desion. Therefore, the valve of F was taken a6 optimum at which the draq exceeds 
the minimum by 10 percent Since the shut-off elemente were investigated in three 
different channels, three values were found for each of them: #), #) and By--in a 
cylinder and in diffusers. The value of Bap, was then calculated ac the mean 
vaive, Using the graphs found on the models, the value of 8 can be recalculated 
for the path of the shut-off element te analyre full-eeale walwes weed in the 
clinic, Coordinate * ie shifted © with reepect te coordinate & (Figure 1) 
since it i¢ read from the front critical point of the shut-off element in the fully 
closed position, while coordinate @¢ ie read from t*. Jiaphrag® 
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Figure 4. Variation of Drag of Mode’ of Valwe —— Shut-off 
Fiement in bifferent Channeis a* 4 Function of Dieter f the 
Nemiephere to the Diaphragm at Re = 5, 100 i~-diffuser channei, 
ap = 65°: 29d) tfuser channel, a, + 18°; }--cylindrical chenanel 


Based on the calculations, fopt ic equal to 0.30 for a lens, then fh » * 0.29, where 
‘ort ? Nope’ Oa ope 1S the path of the lens corresponding to ite optimus vaive). 
path of the shut-off element of a full-scale PRCh-)-29 lene-chaped vaive fi, 
differe significantiy from the calculated value of Nope and compricese 0.141, 1.@., 
it is aimmet one-half as moc? Tt follows from comparicon of the curves for a 
model of 4 lens-shaped shut-off element in a cylinder and in diffusers Wigure 2) 
that the lene-shaped clemert hae lese drag in the expanded channme! than in @ cy lin- 
der. Wowever, it ic «till higher than the @rec of « Semienhere and ball in the 
same channel. Improvement of the operation of 4 lens-shaped walve in an expanding 
channel indicates that it can be gore feasibly used in pocitionse of « heart with 
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jaree angie ef diffusion ef the flew pathe, The drae of the given Vaeive is ee- 
pecialiy Mieh wher a0nftal conditions and with email vwelwmes and email anpies of 
4iffvueien eof the ventricle, 


Ae follewe from experiments, the value of fe number elightiy affeete the shape of 
the curves which descend only insiqnificantiy with an inerease of Re, The met 
advantageous shut-off element is 4 bail. all waives hawe the least draq and the 
flew over them is smapther with less separation #one. Judging from Figure }, the 
optimum path of a ball is fiepe = 9.0). Tf the optimum path of 4 ball of @ full- 
scale artificial mitral valve is compared to the optimum path according to the 
graph, one can ascertain that they differ slightly. Thus, A, = 0.343 for the 
MECh=2-2 valve, fy = 0.98 for MOh-3-2, A, = 0.282 for MECh-3-96 and A, = 0.257 

for MHh-)-25. The drag of ball and hemiepherical shut-off elements is consider- 
abiy lower in @ cylingrical channel than in a diffuser channel. The given situa- 
tion has aise been confirmed by previous investigations [2]. The inerease of the 
drag of these elements in a diffuser channel, despite the increase of the clear- 
ance between the walle of He channel and the shut-off element, is explained by the 
re intensive and earlier seperation of the boundary layer in the channel under 
diffuser comditions [4). Although the properties of a ball valve deteriorate 
ecmewhat in diffuser channels, thie valwe is the beet of those investigated fron 
tre viewpoint of hemedynamicse for @itral conditions and is meet suitable for sorte) 
conditions. 


A hemispherical valve cocupies some intermediate position between ball and iens- 
shaped shut-off elements. The curwee of the draq of « hamiephere Figure 4) can 
easily be “elevated” with reepect to the curwee for a belli, but are icoated below 
those for a lens. the optimum path of « hemispherical model ic Rope * 0.33, 
whereas it ic equal to & = 0.18 for a full-seale MECh-3-27 waive. Comparing full- 
scale valwes having 4 epecific path of the shut-off element to the resulte found 
from the graphe, it i¢ Obwiows that the drag of the Mh<-3-27 ham Hherical vaive 
in 4 diffuser of 4) = 65° with complete opening A, is somewhat higner than the drae 
of the WECh-)-29 lene-shaped and WECh-)-36 ball valves investigated under the same 
conditions. The drag of a full-scale hemispherical valwe is less in the other two 
channele--a cylinder and a diffuser of a, = 18° than that of a lene-shaped vaive, 
but i¢ greater than that of @ bali walve. As indicated previousiv, the drag of 4 
model of a lene-shaped element is higher in different channels than that of 4 hemi- 
sphere. hie i6¢ explained by the fect that curwee of the drag of the aodele vere 
naturally compared at identical values of £ in the case of full-scale valves and 
hen wae Compared for ¢ifferent values of 2 with camplete openiny of the shut-off 
elements, which is related to different valve of the path of the shut-off elements 
of the vaives under consideration. ft is obvious from the graphs (figures 2 and 

4) that lene-shaped an Semiepherical shut-off elements of full-ecale vaives oper- 
ate in 4 very disadvantageous sode in the region of a large value of t. The path 
of the shut-off elements hy, should be increased, i.e., the stops of the body should 
be lengthened, to improve their hydrodynamic characteristics. However, there i: 
the danger in this case of seigure: the shut-off elements may become a rib along 
the flow. “recover, requraitatior, Mich reduces the operating efficiency of the 
vaive and the heart a6 4 pump on the whole [1-5], aleo inereases signi ficantiy 
“herefcore, af tinereaee of the length of the stope ie undesirable. 


Thus, it hae been established that the di‘fuser nature of 4 channel in which the 
shut-off element is located appreciably affects the nature of flow over the vaive. 





Therefore, artificial heart valves should be investigated in channels of different 
shape, corresponding to full-scale conditions, for proper evaluation of their 
hydrod samic Arad 


Tre (faq Of ball and hemispherical valves inereases a6 the angie of diffusion of 
the channel ineteaees, whereas the drag of a lene-shaped valve decreases. 


There i6 af Optimum height of the steps for each design of vaives which can be 
o@loulated on the basic of the graphs found in the paper. Comparison of the path 
Of ball valves used in clinical practice with experimental results indicates that 
the path of the shut-off element is close te optimum only in these vaives, while 
it ie aimeet one=half ae much in hemispherical and lene~-shaped vaives. 
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ADAPTATIONS OF MECHANISMS OF GOAL-ORTENTED BFHAVIOPR OF MAMMAL® TO CONDITIONS OF 
HABITAT IN AN AQUPOUS MEDIUM 


Kiev BIONWTKA in Russian Me 12, 1978 pp 73-78 
[Article by V. A. Protasov, Sevastopol’) 


(Text) Study and simulation of the mechanieme of the goal-oriented behavior of 
animais is one of the traditional trende of bionics. The practical significance 
of these investigations is determined primarily by the rapid development of robot 
technology [1, 1) and so on). Study of the aigoritimes of animal behavior is of 
significance for design of adaptive cybernetic systems ac well [18 and others). 

Tt i¢ important from thie viewpoint to determine the gost abstract operating prin- 
ciples of the nervous syster and also to determine the mechaniems of behavior 
which provide acaptation to specific environmental conditions. 


The object of our investigations was cetaceans--Riack Sea bottienosed dolphins 
(Tursiape fruncatue Montagu). Interest in study of the mechaniems of behavior of 
cetaceans is related both to « high degree of their specialization to feeding con- 
ditions if an aqueous med. w and to data which have appeared on the specific devei- 
opment of their brain, which retains marked features of primitivier in the 
structural organization of the neocortex [5 and others). If one takes into account 
that cetaceans evolved under favorable, relatively simple conditions distinguished 
by an abundance of food and « limited number of predators for which cetaceans would 
serve ac food objects, one can aseume that these secondarily aquatic animale could 
retain to 4 greater degree than terrestrial animais festvres of the initial brain 
structure and acoordingly some features of higher nervous activity of primary 
mammals. If thie proposition could be confirmed experimentally, one could hope 
that comparison of the behavior of cetaceans (secondarily aquatic) to the behavior 
of terrestrial mammale permite one to determine the mechanieme of edaptation of 
the central nervous system co the specifics of habitet in an aqueous medium and to 
conditions of terrestrial habitat. It should be taken into account in thie case 
that the behavior of cetaceans even in the range ofa single family Delphinidae 
differs significantiy--the most complex and diverse is the behavior of the large 
representatives themselves. This fact was frequentiy noted during training [19 
an? others), but has not been etudied in practice until now. Thus, selection of 
the object of investigations among cetaceans is complex in the plan of the postu- 
lated probleme and iteelf requires special investigations. We rather arbitrarily 
stopped our selection on the more investigated representatives of dolphine~--bottle- 
nosed Goiphine, dietinguished by diverse and complex behavior in captivity--in the 
given paper. We were guided in this case on the one hand by the desire to find 
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the spect complete characteristics of hehavier of at least one representative of 
off aceane by GOMparing Our Own and literary data and on the othe: hand we were 
limited in selection of the object with regard to the worse sdaptation of other 
species of Blact Sea doiphine te captivity, 


Ow investiqations were carried out on 14 adult bettlencsed dolphine using from 

i te 7 animale in individual series of experiments, The results of these investi- 
gations were already partially published [19-12 and others), The purpesce of this 
paper is ©6 generalize the available material and te construct 4 working hypothesic 
Which could serve as the basis after final formulation during discussion for more 
purposeful collecting of experimental material and formalized deseription and 
mpdeliing of it, 


It was established a6 4 result of the investigations that simple conditioned sptor- 
food reflexes are formed in dolphins well adapted to captivity a6 easily and rapid- 
ly as in pst of the higher terrestrial animale~--during }-10 presentations of the 
conditioning stimulus, and reinforcement usually requires no @ore than 20-30 
presentations. Simple conditioned defensive reflexes can be developed just as 
rapidivy. On the other hand, inhibition of simple conditioned sotor-food reflexes 
by Sultiple repetition of 4 stimulus without food reinforcement ic a difficult task 
for dolphins and sccurs sere slowly than that of similar higher animals. Thus, 
inhibition of the simple motor-feod reflex occurred in our experiments during three 
tries in one dolphin and within five in another. fwen siower and sore difficult 
inhibition of the reinforced food-catching reflex in a» aau.t female dolphin is 
described in the paper of L. G. Voronin and L. 8. Moparovicekiy [4]. Inhibition 
of conditioned reflexes was accompanied in our experiments with dolphins by marked 
neurotic phenomena which occurred upon presentation of the conditioning stimulus 
even after the main conditioned-reflesx response was suppressed. ft should be noted 
that simple reflexes were not extinguished in dolphins without training for 6-8 
months. The persistence of simple conditioned @otor-foo reflenes was also mani - 
fested in 4 number of cases in the form of 4 qnique “dominance” of these reflenes. 
Thus, for example, we repeatedly observed how defensive reactions were suppressed 
in dolphins upon presentation of 4 conditioning eti@ulus and how they came into 
net “traps” of swam through na: row passages in the nets where it was impossible to 
corral them with the net or to trick them with fich immediately prior to this. 





Roth cases of rapid formation of a conditioned reflex--within 1-*@ experimente~--and 
cases of extremely ciow formation--up to experiments according to our data or 

76 experiments (149 presentations of a differentiating stisulus) according to data 
of L. G. Voronin and L. 8. Koearowitekiy [4)<<in formation of differentiation in 
dolphins. Simultaneous presentation of the main and differentiating conditioning 
stimuli made it considerably difficult in some cases to fore differentiations. Bi- 
lateral adjustment of the significance of conditioning stiauli cccurred in driphine 
on the average during the came periods in Our experiments a6 during the initial 
formation of differentiations. Formation of 4 second-order conditioned reflex in 
one of two experiments! dolphins occurred within seven experiments and in another 
it occurred within eight experiments. Conditioned inhibition wes formed in the 
same dolphins within 19 and 9 experiments, respectively. It was shown that 4 sLer- 
eotype can be worked out in dolphins with approach only to every third presentation 
of the conditioning stimulus. In this case the adequate reactions in the experi- 
mental dolphin comprised 75-100 percent within 5-6 experiments. Formation of pos- 
itive and inhibiting conditioned reflexes on chain conditioning stimuli cocurred in 
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Goiphine within he same periods a6 for sifngie conditioning stimuii ma the 

whole one Gan G6) clude that the conditioned reflewes of the civen group, with the 
exception of individual cases of slow formation of differentiation, form in éoi- 
pains within periods which hardiy differ from the mean date found in experiments 
on other higher animale [) and others). Te behavior of delphine during slew fore- 
ation of differentiation had 4 number of epecific characterietice which will be 
considered separately. 


tt wae also cetabiishel that 4 sumber of conditioned reflexes in Goiphins, wilike 
other higher aninais (2 and Others), i¢ formed with ereat difficulty or is not 
formed at «i) “ose conditioned refleres may include differentiation of positive 
Conditioning **imuli at the point of reinforcement Thus, we managed to form 4 
given conditioned reflex in only one case in eight experiments on four dolphins. 
Neurosis develope’ in the dolphin durine formation of the reflex. The developed 
refiex was onstable an? wae net restored after extinetion when it was replaced by 
training, deepite 609° repeated presentations of the conditioning stimuli in 17 
experiments. Formation of “medel selection” in dolphins wae just as difficult. 
Mode! selection could be ‘formed in only one case after prolonged training during 
five experiments on four Golphine provided that orly two paire of conditioning 
stimuli were used in the experiment. This group of conditioned reflexes may in- 
Clude isolation of “veeful,” reinforced elements from 4 previously formed chain of 
sequentiai actions with which chimpanzees and rate coped successfully, but not 
Goiphine, according te data Of Yu. 0D. Starodubteev (14). 


When conditioned reflexes are forming in dolphins, the development of neurosie~-like 
states in the form of generalized spaeme and rapi‘4 disordered swimming, sometimes 
Changing te relatively persistent disruption of the conditioned refiex activity, is 
frequentiy observed (4). The occurrence of these states not only in cases of siow 
formation of conditioned reflemes but aise duri ¢ rapid and seemingly easy forma- 
tion of the conditioned reflen is typical. 


The general characteristic of Golphin behavior was first given from aepects of con- 
ditioned reflex theory in the work of L. G. Voronin and L. 8. KRoserovitekiy [4], 

in Which the marked inertia of the nerve processes and their dieruption toward the 
process of excitation i¢ o® cluded a6 are common characterictics of higher nervous 
activity for Golphins or the basis of studying the @ynamicse of formation of simple 
motor-food conditioned reflemes and the @ynemice of formation of differentiation in 
an a@duit female dolphin. Coneideration of the entire aggregate of experimental 
@aterial permite one to agree on the whole with these conclusions, but it should 
again be emphasized that the inertia of the nerve processes ic not manifested in 
ell cases © af identical degree in doiphins Relatively rapid formation of even 
very complex conditione?’ refieres euch ae conditioned inhibition, second-order re- 
flexes, complies etereotypes, bilateral readivustment of the significance of con- 
ditioning stimuli and 660 on can be observed in these aninaic. 


Considering cases of slow formation of conditioned reflexes and especially cases 
of slow formation of relatively simple differentiations in dolphins, one can iso- 
late 4 especial state, one of the varieties of which L. V. Srushinekiy [6 and 
Others 4d ‘hed a6 4 reaction of “wnilateral automatien.” tn this state the 
40iphin’'s behavio: is dietinguiched by monotonicity. The animal rhythmically 
approaches the ioce.ion of foot reinforcement between signals. If there is the 
possibility of selection, the dolphin persistently approaches oniy one of several 
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© I the facet thrhat mer theee oeegditiane neuretie 
wit : 12. wed © wWreinfoerce? freeponees follewing one 
exper iver an’ even up te 4 in the exmperimente 
‘ ' ofbeerve’ “ime chareacterietice= «the latent 
e--a remain stable Neurotic phenomena, if they as 
rine the stage of relnforocement of the reflex 
aut oma ie | cappe@ar se a4iuetine” nature Of the "“auto- 
renee if Seilphine durine tee very initial etege 
> re ‘ec 
, - t se henieme of behavior inherent only to doiphine, 
* * oF Geeree in the behavior Of other higher ani- 
c c er , ©he@lr @earbee@neee ana their main FOle C8n be 
tom fe mainly is wer monkeye ({2) and dogs [8) a6 
. ' : ® it fré@equentiy 2 in G@olphine a6 @ "aa- 
: ther st the very beainningd ’ the experiment. This 
s' ere 4 » the ene hand for intact a4olehine and on the 
® @upia c + tee ineufficient degree of adaptation to 
at ® a*tapte ~wWilfhine actively “begging” food from man 
fieh from the bande of the experimenter) were selected for the 
: 2 responce, “avtomatier” occurred in some dolphins 
erertiations immediately after one or even several 
" sfliew in the given animal Ac the dolphin ie used 
© expe ante, sutemeatiaon” if the fore of 4 “adiueting” response 
e mre nee ‘ eetinees te Seeur in eelution of difficult 
te + emperimente and in the emperimente of L. V. Kurehinekiy 
a* cooemee ac ne of the methotde Of solving 4 two-aiter- 
, te that thie method may provide the animal with 
' fra _ * , percent of reinforced conditioned refies 
: ace oe of differentiation of two conditioning stimuli 
2 ⸗ inine Feeperee upon reinforcement of part of 
es) J a" ‘ type of cepditioned reflemes causes no 
ig?e : Tt . ‘e ~~ aceume on the Bbaeie of the fore=- 
automat espenee i¢ @ mechanics of behavior which provides «4 
: . re eter ‘ eompleted react ione Thie mechanien predom- 
if aher v eliminary trainine for experiment and may be 


mult ¢ formation of comples conditioned reflexes as ceasing to 


jer varial le cepfitione, Te tendency toward development of “auto- 


shine #4 ee sinned bw the fact that the main type of naturel 
Aces ective hunting for the given enimais Tn thie case 
+ robal -einforcement may be «a more feasible form of behavior 
T © art 
© . 4 [| a ow format ior F — reflexes, one may 6160 
: fact a’ ‘itionet reflewmee with an alternative containing 
tion (for example, formation of dif ferentiations 
neat " litionine etimuli, formation of conditioned in- 


fliewes and «0 on) are formed relatively easily in aoi- 
ner retliepece —— » require alternate selection of one alternative 








from several poseible are formed with difficulty (in Our experiments dif ferentia- 
tion of positive conditioning etimull at the location of reinforcement and 66 on). 
Thies characteristic of doiphin behavior may be the result of suppression of search 
activity in the given animals. The latter hase already been noted in observation of 
Goiphin behavior in captivity [15]. Tt is obvious that formation of conditioned 
refilemes of firet type is poseibie with @uch less activity of investigative setiv=- 
ity than is required for formation of such complex conditioned refienes ae differ~ 
entiation of conditioning stimuli at the location of their reinforcement and 66 on, 


The apperentiy specific, con@enital inhibition of orientation-investigative activ= 
ity in dolphins, the same as the tendency toward “automatier” deseribed above, may 
be regarded a6 an ecologically justified phenomenon if one takes into account the 
factors which distinguish the conditions of existence of secondarily equatic ani- 
mais from terrestrial animals, These factore primarily should include increased 
probability of death in an aqueous medium with “unevecessful” manifestations of 
investigative activity and simplified conditions of gaining food. 


Conclusions 


Juadeing by literary an¢ our own data, the behavior of dolehine on the whole is 
dietinguished by the following characteristice: 


relatively rapid formation of simple food-gaining conditioned reflexes and aisco 
by rapid formation of conditioned reflexes wit) an alternative containing one posi- 
tive and one negative solution: 


the strength of simple food=-gaining conditioned reflemes and their specific 
“dominance; ” 


inhibition of orientation-investigative activity: 


siow formation of conditioned reflexes based on selection of a single aiterna- 
tive fror several possibie; 


increased resistance to 4a reduction o. the probsebility of food reinforcement, 


the tendency toward development of the “automaties” response of an edjusting 
mature: 


the unbalancing of nerve processes in favor of excitation at the stage of 
specialization of conditioned reflexes. 


Considering the indicated mechaniems of behavior in interaction, one may conciude 
that their epecificse determines the increased stability of the formed behavior of 
Goiphine with relatively inconstant variations of external conditions and thus 
provides increased stability of the general line of behavior formed over 4 prolonged 
time, 


Analysis of the behavior of dolphins in captivity shows that the primitivies noted 
by 4 nutber of authors in the etructural organization of the cerebral cortex of 
cetaceans is accompanied on the whole by strictiy goal-<c.iented adaptation changes 
Of behavior rather than by primitivier of behavior. In tiis case dolphins 
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PORSIBILITIES OF DETERMINATION AND ANALYSIS OF THE BHOTIOWAL SIGNALS IN THE COM- 
MUNTCATIVE SYSTEM OF DOLPHINGE 


Kiev BIONTKA in Russian Mo 12, 1978 pp 76-87 


[Article by ©. &. Bhakhalkina, G. V. Mikolenko, Vv. Vv. Kagnadeey, &. A. Kreyohi and 
A. A. Titov, Moscow State University) 


(Text) The abundance and diversity of audio signalling in dolphins posed the prob- 
lem of studying and deciphering it. It is aeeumed [7, 9) that the function of 
message tranemiesion is carried by complex whistle-like signals, the main energy 
of which is concentrated in the frequency range from 2 to 60 Hz. The problem of 
the level of the communicative system in dolphins «till remains debatable in the 
sense of ite “closeness” or “openness.” The complex social structure of the school, 
which requires coordination of the relationship of ite sembers on the one hand and 
the rich audio activity and complexity of the observed behavior on the other pro- 
vide the basis to assume that dolphins have an adequately developed system of com- 
munications capable of transmission of messages which carry information about spe- 
cific vitally important changes in the environment by some as yet unknown method 
of information coding. 


The problem of the level and structure of thie system can be solved only provided 
there is seperation and differentiation of the elementary unites of ite signal 


alphabet. 


Careful study of the structure and the acoustic characteristics of these units and 
the specifics of their use in audio emissions help one to arrive at solution of the 
problem of methods of coding as well. One of the methods of finding the elementary 
unite of the system is to isolate from the entire set of signals used by the dol- 
phin signals of an emotional nature clearly related to the specific emotional 

state of the animal in a specific behavioral situation. Papers in which several 

of these signale related to negative emotions of dolphins~--"“distress call” (2,5, 8, 
9) are described--indicate that these signals are acoustically rather diverse, but 
somatically they have a quite specific expression of emotional exc ation: dis- 
satisfaction, alarm and fear. tsolation of clearly emotional signals from the en- 
tire set of signals and exclusion of them permite one to determine the information 
content of the other unite of the “alphabet” and to facilitate differentiation of 
then. 


Our problem included identification of the emotional signals of dolphins. The cri- 
terion of emotionality was multiple repetition of signals of the same type which 
express a rather specific emotional state of the animal. 
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The object of the investigation was a single Black Sea bottlenosed dolphin of 

Tureiope truncatus (4 half-qrown female) which was maintained for 4 year in a tank 
and whieh was used for « long time in experiments on study of echolocation. It was 
then teaneferred to a marine open-air cage for preventive treatment, where it was 


located for approximately two months. Obeervations were conducted from the moment 
the animal was placed in the tank after marine “preventive treatment” and continued 
for eight days. During this period the audio activity of the dolphin was recorded 
in nine different situations arising during observation of the animal (Table 1). 
The material for analysis was phonograme of time-sequential groups of whistile-like 
signals produced by the dolphin in one or another situation, limited by recording 
time. The recording was made through an electroacoustical channel whose frequency 
characteristic provided recording of the signals in the frequency band from 0.5 to 
100 kz. The signals were processed on a dynamic spectral analyser (2) with pre- 
liminary slewing dewn of the signals by a factor of 4 or 8 as a function of their 
real length. Approximately 2,000 spectrograms were analyzed. 
Table 1. Deseription of Behavioral Situations By Phonograme (1973) 

Number of Date and 

Phonoe- Time of 


gram Recording Situation 


i 1 July, Initial period of the dolphin's stay in the experimental tank 
1320 immediately after catching in @ marine open-air cage, trans- 
port on a litter and placement in the tank 
? lL July, First submersion of the trainer into the tank and attempts 
1700 to make contact (play) with the dolphin 
3. 1 July, Feeding the dolphin from catwalks 
1800 
4 3 July, Preparing the dolphin for the first experiment to determine 
1930 the auditory thresholds. Developing conditioned responses to 
a tonal signal. Regular trajectory of motion and response to 
tonal signal were encouraged with fish. The dolphin worked 
poorly. 
5 6 July, Second submersion of the trainer in diving suit into tank. 
1900 Successful and active contact (play) with the dolphin 
6 7 July, Third submersion of the trainer in diving suit into tank. 
1300 Successful and active contact (play) with the dolphin. 
7 7 July, Recording of dolphin's signals during unusually strong, sud- 
1330 denly beginning thunderstorm with downpour. The dolphin was 
extremely excited, was agitated and dived to the bottom 
frequently and for a long time. 
8 7 July, l. Pree swimming of the dolphin in the tank. The animal was 
2000 in a playful mood. Active play with objects floating in 


the water and with a rope hanging in the water. Attempts 


to coax the dolphin to the side of the tank by clapping 
with the hand on the water were unsuccessful. 


[Table continued on following page) 
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[Table continued from preceding page) 


2030 2. Uneveceseful attempts to force the dolphin to work in 
the experiment to determine auditory thresholds. The 
dolphin continued play (situation 6.1). 


® 8 July, 1. Golphin wae caught in shallow water to place it into 
0990 treneporting tank while other tank was cleaned. The 
dolphin wae excited, but elements of play of situations 
2, 5 and 6 were detected. 


0990 2. The initial period of the dolphin's stay in the transport 
tank, contact with the trainer and rubbing the skin with 
4 sponge. The “*olphin was excited. 


All the studied whistle-like signals form three large groupe: Tonal harmonic 
whistles with different laws of variation of frequency~ ime characteristics of the 
min tone, narrow band and wide band noise signals with different distribution of 
acoustic energy within the signal. According to the length of sounding, the com- 
@unicative signals can be divided into short (5-70 ms), medium (70-500 ms) and long 
(more than 500 ms). However, since there is no distinctive boundary between then, 
i.@., the same signal may have a different length of sounding, thie division is 
arbitrary. 


Classification of signals by spectrai-time features made it poss - to group them 
into 49 types distinguished by the shapes of the generatrices. © ‘requency~-time 
characteristics of the toneal harmonic signals vary in the frequency range from } 
to 22 kite for the carrier frequency and from 6 ms 

length of sounding (3). The number of harmonics 
from 1 to 5 regardless of type. The appearance of higher harmonics frequently does 
not coincide with the beginning of the main tone and is not 

ity of the signal. ergy transfer from one harmonic to the other is frequently 
observed. The whistles may have one or several breaks which are usually shorter 
than the length of the entire signal by a factor of 10-15. ‘Two-contour signals, 
formation of which two independent sources participate, are found in the “texte” 
(phonograms). The frequency characteristics of the components of a two-contour 
signal, varying independently of each other, may either intersect or proceed paral- 
lel {3, 4). 





The acoustic energy of wideband noise signals was concentrated in the frequency 
band from 1 to 38 kHz. The wideband signals are frequently complicated either by 
a tonal component or by regions of acoustic energy concentration in the form of 
formant-structures. Gradual transition from a wideband to a tonal signal by con- 
striction of the frequency band can be followed on the spectrograms. The different 
types of signals can be combined into sequential chainre. All types of whistle-like 
signals may be accompanied simultaneously by puleed acoustic emissions of the lo- 
cation click type of different nature. 


The wide spread of the parameters of frequency-time characteristics of communicative 
signals within individual types poses the problem of their possible and relative 
informative significance. All the whistle-like signals characterized by brevity of 





sounding (5-70 ms) are distinguished by the greatest spread of parameters with 
relative simplicity of the contours and 4 emall set of their types. ft is obvious 
that the dolphin does not manage to accurately control the value of the frequency 
derivative in time during study of short signals of the same type and controls 
only ite sign with short length of sounding of the signale and accordingly of high 
rate of variation of their frequency. 


As the length of the signals increases, their contours become more and sore compii- 
cated and two-contour signals and signals with complex spectral structure appear. 
Among the tonal harmonic signals of long length (from 1 to 2 meters) are found 
types characterized by high stability and even by absolute coincidence of the 
parameters of frequency-time characteristics from one signal to another. Sometimes 
up to 10 or more of these signals may be combined in sequence (strung together) 
into long linear chaine--"“trails.” All thie indicates that the dolphin's capability 
to fine control of the signal parameters depends on its length. Differences in the 
parameters of the frequency-time characteristics within individual types are appar- 
ently insignificant with respect to information content and do not participate in 
coding the information in messages. This information content should obviously be 
aseumed in the sign of the derivative frequency in time, the general shape of the 
signal contour and ite spectral structure. 


From the viewpoint of isolation of signals an emotional nature, two situations 
should be noted (Tab.e 1, phonograms 7 and @), different in nature but accompanied 
by a large number of whietles of the same type and five types of the more typical 
signals which meet the criteria of emotionality (Table 2). 


Phonogram ~ is a recording of signals of a single dolphin swimming in a closed 
tank during an unusually severe thunderstorm. The dolphin was strongly excited, 
swam rapidly, bumped against the tank, stayed on the bottom for a long time and 
emitted loud whistles of type 1 and 2, Table 2. The situation continued for about 
two hours and the animal's behavior and the nature of the acousti~> signals were 
identicial during the entire time. 


Phonogram §& was recorded in the evening of the same day as phonogram *. The nature 
of the dolphin'’s behavior in this situation (Table 1) can rather be described by 
positive emotions. The dolphin was excited, swam rapidly, but actively played wi 
& rope hanging in the water, slapped the water with ite tail, jumped out of the 
water and played with fish. All these acticns were accompanied by 4 large number 
of loud whistles, primarily of types 1 and 2, as in situation 7. The 

the dolphin was so strong that subsequent attempts to force it to wor 
iment were unsuccessful. The recording was made selectively during an active 
and during the experiment. As can be seen from Table 2, signals of and 
comprise 93.9 percent in phonogram 7 and 61.0 percent in phonogram 6 of the tota 
number of signals. This provides the basis to assume that signals of types 1 and 2 
in these situations, expressing extremely emptional excitement of the animal, carry 
some emotional-semantic load and in one case they are motivated by positive em- 
tions (satisfaction) and in the other by negative emotions (alarm and fear). 


A signal of type 1 consists of two parts: from a smoothly increasing frequency 
characteristic to 4 maximum during the initial part and sharply decreasing to « 
@inimum with subsequent increase of frequency in the second part (Figure i, 4 and b). 
The frequencies fluctuate in the follcwing range: initial part--7.5-9.5 kHz, 
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Table 2. Types of Mmotional Signals and Their Distribution By Phonograms, 
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Figure 1. Prequency~Time Characteristics of Signal of Type } 


maximum--15-22 kHz, minigum--6.0-8.0 kite and final--10-14 kHz. The length of the 
entire signal varies from 0.7 to 1.2 seconds. The contour can be modified by 
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breaks in the region of the maximum, lasting from 80 to 100 ms. The information 
content of these breaks in the region of the maximums (or correspondingly of the 
minimums) of the frequency characteristics of whistles is doubtful. The most 
probable mechaniam of their formation may be weakening of signal intensity, which 
arises as a result of nat ral physiological limitations of the dolphin's phonation 
apparatus upon achieving te upper or lower boundary of its frequency range. This 
my serve as an indirect confirmation of the fact that these whistles are primar- 
ily emotional. 


The parameters of the frequency-time characteristic of the considered signal 
(Figure 1) vary strongly, although cases of their precise copying (coincidence) are 
sometimes observed. 


It should be noted that signals of types 1 and 2 in situation 7 were regularly ac- 
companied in most cases by a series of pulse signals (clicks) of an echolocation 
nature and the beginning of generation of the location pulses always accompanied 
the beginning of the whistle signal, while the end accompanied that part of it in 
which a maximum frequency characteristic was reached. The distinguishing feature 
of situation 7 was the absence of usual motivation which stimulates the use of the 
echolocation apparatus. This element of context was present in situation 8. Gen- 
eration of echolocation pulses coincided in this situation with the emission of 
random whistles and was caused by the need to detect targets during the experiment. 




















|) 
Figure 2. Frequency-Time Characteristics of Signal of Type 2 


Thus, the material and namely the absence of usual motivation of a cause-effect 
relationship between the content of the situation (phonogram 7) and emission of 
echolocation pulses in it, on the one hand and differences in organization of the 
whistle-like and pulse signals in sequences ("texts") of phonograms 7 and 8, on 
the other hand, permit one to assume that the echolocation pulse signals may carry 
an independent informative load either by averaging through the context of the 
echolocation situation or jointly with the whistle signals, being in some function- 
al relationship and combining with them in a specific manner. Specifically, one 
can assume on the material of phonogram 7 that the pulse signals at the beginning 
of the whistle may perform the function of an “adc-ess” or appeal. In the case of 
echolocation situations, for example, hunting, they may carry information about the 
species of fish, the number of them and the nature of the behavior, direction and 
speed of motion. 


A signal of type 2 (Figure 2) is essentially an initial increasing part of a signal 
of type 1 in frequency, but in a lower frequency range. The initial frequency of 
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the signal varies from 4.5 to 7.6 kit# and the final frequency varies from 6.0 to 
9.6 kia and the length varies from 100 to 500 me. A modification of the signal is 
its complication by the noise band, which is uniformly superimposed on this signal 
in the same time interval (Figure 3). It is typical that in situation 7, when the 
dolphin ts clearly excited and alarmed, a signal of type 2 is observed in 54.2 per- 
cent of the cases, whereas these signals number only 15.5 pervent in a game situa- 
tion and pleasure situation (phonogram 8) (Table 2). This type of signal is present 
in practically all situations in relatively small quantities, with the exception of 
situation 2 when a sijynal of type 4 predominates, which is seemingly 4 mirror re- 
flextion of a signal of type 2 (Figure 4). The frequency-time characteristics of 
this signal are in the same range as those for a signal of type 2 and it may *'** 
be complicated by superposition of a band of uniform noise (Figure 5). 
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Figure 3}. Modificatior of Signal of Type 2 
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If the distribution of signals of types 2-5 by situations (Table 2) is considered, 
one may note that a signal of type 2 is present in all cases when there are ele- 
ments of newness of the situation, threst or insufficiently clearly marked danger 
(first being placed in the tank, first t»eding by hand, first contact and attempts 
to play with the trainer in the water, but still with prevalent distrust and vigil- 
ance). During adaptation, as the animal becomes accustomed to an unfamiliar situ- 
ation and prevalent vigilance is replaced by a marked dcsire to play, a signal of 
type 3} (the third submersion of the trainer, catching the dolphin in shallow 
water--the game of “salochki")--situations 6 and 9, l--appears along with a signal 


of type 2. 


Signals of types 4 and 5 are less determined due to the fewer encounters. However, 
they reveal a similar trend in distribution on the phonograms, i.e., as the animal 
becomes adapted to the conditions of the tank the frequency of using signal 4 de- 
creases (from 37.0 to 4.0 percent) and a signal of type 5 (fram 0.5 to 3.” percent) 
begins to appear along with it (Table 2). 


Thus, there is the basis to assume that all the considered types of signals, comp- 
lication and the dynamics of their use in sequential situations as they develop 
are related to the process of adaptation of te dolphin to the conditions of the 
tank and accordingly reflect the different shadings of its emotional state. Comp- 
lication of the tonal whistle signal by superposition of a noisy component obvious- 
ly bears 4 specific semantic load in this context, whose content is hidden in the 
specific elements of the context itself of multicomponent situations of adaptation. 
Further analysis of emptional signals showed that the stronger the excitation, the 
more complex is the frequency characteristic of the signal which expresses this 
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state. Thus, for example, the desperate protest and resistance of the dolphin te 
the actions of the trainers during catehing in situation © (Table 1) was accom= 
panied by typical whisties similar te the signal of type i, but longer and compli- 
cated by the presence of several maximums and ¢ .nimume in the frequency character 
istic (Figure 6), We Observed similar whistle signals, but with specific outlining 
of the contour in different doiphine in similar situations, Euamples of these 
signals, emitted independentiy by two maie doiphine excited by the chase, catching 
and placing in the transport tank, 1.¢., @ situation similar to 9 (Table 2), are 


presented in Pigures 7 and 6, 
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Figure 5. Position of hard of Uniform Noise on Signal of Type 4 














The festures which permit one to combine these signals into a single type are their 
lone length (on the order of i-? seconds) and typical variations of the frequency 
characteristir in the range from 8-11 kite at the beginning of the signal to 9-14 
kite at the em of the signal with maximums in the range of 20 + 3 kite and minimums 
in the range of 7 + 2 hig, i.e., the parameters of these signals are comparable to 
those of a signal of type 1. The contour of these signals has a different, but 
specific profile for each dolphin which is characterized by high stability and fre- 
quentiy by absolute coincidence (copying) of the parameters of the frequency-time 
characteristics from one signal to another. Typical features of these signais in 
the phonograms (“texte”) is their multiple repetition or sequential combining of 
identical elements up to 10 or more into long chains=--"trails.” A typical example 
of thie “trail” signal, consisting of a chain of identical, sequential ly~-joined 
elements and, a& pointed out above, corresponding to extreme emotional excitement 
of the dolphin, is shown in Figure 6. The fact that the length of the “trail” sig- 
nal varies slightly compared to the number of components of the elements deserves 
special attention. In other words, chere is no direct functional dependence, ex- 
cept the clearly marked individuality, between these features. Varying the length 
of the elements comprising the “trail,” the dolphin may arbitrarily change their 
number (from 1 to 10 or more) within the range of sufficientiy limited time of 
sounding a signal of this type. it should be said here that the feature of length 
of the elements is rather stably retained within the limits of each “treil,” i.e., 


it may vary only from signal to signal. 


It was already pointed out above that the number of elements in the “trail” depends 
on the degree of emotional stress of the dolphin in one or another situation. How- 
ever, it is not yet poesible to clearly answer the question of the features of the 
context of the situation on which and how their number is dependent. The context 
of the situation and the structure of the signals accompanying it must be divided 
into mutually significant elements to do this. 
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Figure 6. Variante lia), 2(b) and Jic) Prequency~Time Characteristic 
of Signal in Situation ® 
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Figure 7. Gpecific Outline of Signal Contour in Male Dolphin ™. | 
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Figure 6. Gpecific Outline of Signal Contour in Male Dolphine M. 2 








Thus, the resulte of the investigation clearly indicate that signals of extreme 
emotional excitation of dolphins, besides empotional-semantic markedness, are » ict- 
ly individual and the acoustically rather different signals of different animals 
my carry an approximately identical semantic load. Thus, for example, signals of 
types 2, }, 4 and 5 (Table 2) are cheerved in three different animals, whereas 4 
signal of type 1 is replaced in one Golphin by 4 signal show in Figure 7 and in 
another by 4 signal indicated in Figure @. In some special cases the same signal 
of the same dolphin may reflect different emotional estates in sign both positive 
and negative). 
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Precise reproduc'ion of the same type of signal during multiple repetition or 
sequential strincing inte lene “trails” (ehaiv consisting of identical elements) 
and also their Ciearl) marked specific indivilual sheding permit one to assume 
their cognitive of Orientational funetion which organises and coordinates the 
behavior of the school of of individual specimens, ‘om this viewpoint the hy- 
pothesic of an address function of lecation pulses  rranged at the beginning of 
some emotional -semantic signals of an identification nature (type 1), emitted with 
no relationship to the echolocation situation, is confirmed, 


Cone lusione 


An attempt was made from a rather large sample of whistie-like signals of dolphins 
to distinguish the emotional signals related to specific behavioral situations. 
The criterion of emotionality was considered multiple repetition of signals of the 
same type. The following conclusions were made as @ result of analysis. 


Some emotional states of dolphins are accompanied by constant emission of specific 
types of signals. 


Some signais are common for different animais and others are clearly individual. 


The signals which accompany the state of extreme emotional excitation, differing 
significantly in the outline of the contour, have some common features: iong 
length of the signal, approximately identical frequency range and typical alter- 
nation of maximume and minimums in the frequency characteristic. Acoustically 
heterogeneous (individual) signals may describe similar emotional states in dif- 
ferent animals. 


The length of the signal ic a typical feature of the degree of emotional excitation 
of the animal. 


Both negative ‘fear) and positive (pleasure) emotions may be expressed (accompan- 
ied) by the same type of signal in some cases of extreme emotional excitation. 


Superposition of noise or pulse clicks on a tonal signal and stringing individual 
signals into long chains ("traile”) with regard to variations in the context of 
behavioral situations obviously indicates the presence of combinatorial elements 
used to express (transmit) the degree or shadings of emotional excitation, fulfili- 
ing in this case a specific biclogically significant semantic load. 
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MORPHOPUNCTIONAL AND RBIONTC ANALYSIS OF THE RECEPTION OF THF DOLPHIN TONGUE 
Kiev BIONTFA in Russian Mo 12, 1978 pp 87-94 


[Article by 8. G. Phomenko and &. A. Gilevich, Inetitute of Zoology of the Ukrain-~ 
ian SSR Academy of Sciences) 


(Text) Modelling of the sensory systems of those animale which, due to adaptation 
to specific conditions of existence, have acquired a unique structure of one or an- 
other sensory organs, hae recently acquired ever more significance. 


The organ of taste, the morphological substrate of which is the tongue and the 
peripheral sections of the olfactory anaiyrer embedded in it, has been studied 
least in dolphine whose aquatic habitat was reflected very strongly in the etruc- 
tuer of the nervous system and analyzers. 


There has not yet been 4 detailed description of the morphology of the dolphin 
tongue and especially of ite nervous regulation 
of papere has been devoted to investigating the 
ceans (macromoerphological--[13, 9, 10, 4, 1 
are absolutely no papers on investigation of the macro- and micromorphology of 
innervation apparatus of the tonque of cetaceans, although we 

data on sources of the nerve supply of the dolphin tongue in [1, 2, 12). 





Tt till remains unclear whether Golphins have taste reception. . Weber [13], 
having detected no taste bude on the surface of the tonque, indicates the disappear- 
ance of the function of taste sensation in cetaceans (dolphins). 
{10} deecribed email depressions of }-5 covered with « single-layer or few layers 
of prismatic epithelium, alongside which numerous ducts of the gucous-seros glands 
open, on the surface of the radix linguse of toothed cetaceans. In the author's 
opinion, these fossae are responsible for the perception of substances dissolved 
in water. 6. Ye. Kieynenberg and colleagues (4) support the same viewpoint with 
respect to the white grampus. Histological « ation of these was 
carried out by Vv. Ye. Sokolov and 0. V. Volko . The authors note the thinness 

epithelium which lines the fossae an! orq@e number of glands at the point 
where they are found, but do not find morpho! -«) structures responsible for 

of taste sensations. tL. I. Sukhovekeye (6, 11), who found 

similar to the conical and mushroom-like papillee of terrestrial mammals and taste 
cells located in their epithelium, on the bottom of the fossae at the radix linguae, 
described formations of this type. The capability of dolphins for chemoreception 




















has been confirmed by experiments of V. Ye. Sokolov and Vv. 8. Kusneteov [7], but 
further morphological inveetigqatone are required for final determination of thie 


probier., 


it follows from the foregoing that study of the structure and especially of the 
nerve regulation of the dolphin tongue ie of interest not only to morphologiste, 
but to other epecialiste who study these animals, epecifically to physiologiste and 
bioniciete who simulate sensory system. 


The purpose of this investigation was to provide a systematic description of the 
macrostructure, micromorphology and mainly the innervation of the tongue in Black 
Sea dolphins. The material for the investigation were the tongues of Black Sea 
doliphine--the bottlenose, piebald and porpoise. 


Methode of macro-micro preparation after Voreb'yev and staining with hematoxylin- 
eosin after Van Gieson were used in the investigation. The sections were treated 
with silver nitrate after Bil‘ shovekiy-Grosee with modifications to determine the 
intraorgan nerve structures. 


It was established as 4 result of the investigation that the tongue of dolphins is, 
like that of all other mammals, « suecular organ coated wi 
which an apex, body and root can be distinguished. The apex 
studied animals is weakly marked. 
deep transverse folde are visible on it. The upper 

and 
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lateral walle of large fossae which are similar in structure to taste buds. Some 
of them have a shape typical for sushroom-like papillae=-a narrower base and wider 
apex (Figure 1). Papillae are alse found whieh have 4 conical and elongated ribbon~ 
like shape (Figure 2). These papillae may be regarded as a transition shape from 
filamentary (which we did not find) to mushroom-like papillae, The papiliee which 
we found are formed by protrustion of the mucous membrane of the tongue itself, 
coated with 4 thin-layered epithelium. Secondary papillae are easily distinguish- 
able on the upper surface of these protrusions. Numerous outlet ducts of the 
glands open up around the base of the papillae. 
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Figure 1. Mushroam-Like Papilla At Radix Linguae of Atov Dolphin: 
staining with hematoxylin-eosin (x200) 


The said mucous layer in the tongue of the cetaceans studied was not marked; 
therefore, the mucous membrane is tightly joined to the underlying layer--the rus- 


cular aponeurosis. 


According to preliminary data of studying sources of nerve supply to the tongue, 
motor innervation in @olphins is accomplished by branching of the sublingual nerve 
(the 12th pair of cranial-cerebral nerves). The indicated nerve is formed of dif- 
ferent quantities of roots ererging from the brain stem. It must be noted that 
the number of stems into which the roots are subsequently joined is also not iden- 
tical (14, 5, 2). As indicated by our investigations, the sublingual nerve of 





Black Gea dolphins emerges from the brain between the olive and the pyrimidal 
medulla oblongata, leaves the skull cavity through the oecipital canal of the 
occipital bone, after which ite roots are joined into the rather thick stem. The 
stem of the sublingual nerve is directed downward and forward, emerges into the 
body of the tongue and branches in ite own musculature. 





Figure 2. Conice! Papillae at Radix Lingua of Azov Dolphin: staining 
with hematoxylin-eosin (xX200) 


The main source of sensitive innervation of the dolphin tongue is the lingual 
branches of the lingual-pharyngeal nerve and the lingual nerve of the mandibular 
branch of the trigeminal nerve (the fifth pair of the cranial-cerebral nerves) 
(Figures } and 4). The lingual-pharyngeal nerve of Black Sea dolphins emerges from 
the medulla oblongata in several roots (from } to 5), joined into @ common steam. 
The indicated nerve then emerges through the jugular foramen in the skull, is di- 
rected caudally and ventrally between the inner carotid artery and the inner )ugu- 
lar vein and is then directed to the pharynx and tongue. The peripheral branches 
of the lingual-pharyngeal nerve are branched in the intermuscular connective tis- 
sue, the mucous membrane of the pharynx and the radix linguae. The remaining sec- 
tions of the mucous membrane of the tongue are innervated by the lingual nerve from 
the mandibular nerve, the chorda tympani and the intermedius nerve--branches of the 
facial nerve, which are very difficult to determine in dolphins. 


It was established as 4 result of neurohistological examinations that the tongue of 
the studied species of dolphins is abundantly supplied with nerve structures in ali 
their sections. The abundant innervation of the mucous membrane of the tongue 
should especially be noted. There is a thick nerve plexus, formed both by pulpy 

















Figure 3}. Innervation of Tongue With Branches of Mandibular Nerve: the 
lower alveolar (1) and lingual (2) nerves of the dolphin are 
visible: photograph from the book of G. B. Agarkov, B. G. 
Khomenko and V. G. Khadzhinskiy “Morphology of Dolphins” (Kiev, 
1974) 


and nonpulpy nerve bundles having different thickness and containing different 
quantities of nerve fibers, in the mucosa of the studied organ itself. The bundles 
of fibers, branching and becoming ever thinner, are directed toward the epithelial 
layer of the mucosa. Degenerating into individual nerve fibers, they form differ- 
ent receptors. We found the most diverse encapsulated nerve endings in the connec- 
tive-tiseve layer. Some of them have an inner and outer capsule. The nerve fiber, 
having lost ite myelin, forms terminal branches in the inner bulb. We relate 
nerve structures of this type to endings of the bulb of Krause. Especially many 
of them are found near the epithelial layer of the mucosa in the subpapillary zone. 
The shape of branching of the axon varies strongly. In some cases this is a bundle 
of thin filaments which form a bulge on the end (Figure 5) and in other cases the 
axon, entering the inner bulb, is divided into two or more branches which, being 
bent, form different loops and coils by which amplification of the perceiving sur- 
face of the receptor is achieved (Figure 6). 


We found a large number of diverse nerve glomeruli covered with a thin single-layer 
capsule in the mucous layer of the tongue itself. Along with encapsulated endings, 
unencapsulated nerve endings of various types are found here. Some of them have 
the form of diffuse networks and form receptor fields (Figure 7). 


Part of the nerve fibers is directed into the connective-tissue papillae. Very 
frequently they are divided several times here into thinner branches which reach 
the apex of the papilla and change into the epithelium here. We observed how these 
thin branches in the epithelium form a number of diverse receptors: these are the 
thinnest filaments which are lost among the epithelial celle (Figure 8), annuli of 
different sizes, knobs and loops. 
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Figure 4. Lingual Nerve and Its Branches Which Innervate the Tongue of the 


Piebald Dolphin: photograph from book of G. B. Agarkov, B. G. 
Khomenko,and V. G. Khadshinskiy “The Morphology of Dolphins” 


(Kiev, 1974) 





Figure 5. Encapsulated Nerve Ending of Bulb of Krause in Radix Linguae 
of Piebald Dolphin: impregnation after Bil'shovskiy-Gross (X200) 


The terminal nerve devices are arranged rather uniformly in the tongue, but some 
increase of the number of free and attached nerve endings on the boundary between 
the boundary and radix linguae and also the significant number of free nerve endings 
in the epithelium of the fimbria at the apex of the tongue should be roted. 


It must be noted in conclusion that the tongue of the investigated dolphins under- 
went significant changes due to adaptation to the aqueous form of life. The abun- 
dant nerve supply and the large concentration of nerve endings indicate highly 
developed overall ser .itivity of this organ. The presence of taste buds permits 
one to assume the capability of these animals of taste perception, which, however, 


115 














Figure 6. Receptor of Type of Bulb of Krause in Body of Tongue of Bottle- 
nosed Dolphin: impregnation after Bil'shovekiy-Gross (x200) 
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Figure 7. Receptor Field Formed by Free Nerve Endings in Body of Tongue of 
Bottlenosed Dolphin: impregnation after Bil'shovskiy-Gross (xX200) 


requires further morphological confirmation; specifically, detailed investigation 


of the course of the lingual-pharyngeal nerve and also of the chorda tympani, 
which provide taste sensitivity of terrestrial mammals, is required. 
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Figure 8. Pree Nerve Endings in Epithelium of Radix Linguae of Azov Dolphin: 
impregnation after Bil'shovekiy-Gross (x200) 
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MORPHOFPUNCTIONAL ANALYSIS OF THE RECEPTOR APPARATUS OF THE BLOWHOLE, NASAL SACS 
AND LARYNX OF DELPHINIDS 


Kiev BIONIKA in Russian No 12, 1978 pp 94-102 


[Article by G. B. Agarkov, A. P. Manger and B. G. Khomenko, Institute of Zoology of 
the Ukrainian SSR Academy of Sciences) 


{Text} Rather extensive experience has been accumulated by natural scientists dur- 
ing study of the anatomy of some organs and specifically of the nasal sacs and 
larynx of toothed cetaceans [3, 8, 19-26). In this case the authors, not dwelling 
on purely descriptive aspects, attempt to carry out functional analysis of the 
upper respiratory tracts of cetaceans, which is a naturally very difficult *ask in 
view of the almost total absence of data on their intraorgan innervation. 


In Ui° given paper we investigated sources of innervation of the supercranial meatus 
nasi and larynx of three species of Black Sea dolphins: the bottlenose, piebald and 
porpoise (Azov dolphin), which populate the basin of the Black and Azov seas. The 
histological material was fixed with a 12 percent solution of neutral formalin 
ranging from 5-7 days to three months. The histological sections were irpregnated 
with silver nitrate after Bil'shovekiy-Gross in Lavrent'yev's modification to de- 
termine the nerve structures and their terminal sections. 


Study of the afferent innervation of the wall of the blowhole sacs showed that there 
is a specific dependence between the structure of the different sections and the 
shape of the receptors imbedded in them. Thus, the majority of receptors in the 
outer layers of the elastic membrane are free diffuse arborizations of nerve fibers 
of the same type which supply the connective tissue, vessels, glands and even the 
epithelium simultaneously with their own terminals. The most differentiated nerve 
endings are found here in emall quantitites. The nerve fibers which provide the 
becinning of these formations have comparatively small diameter and lose their 

pulpy membrane long before disintegration of the main cylinder into terminal 
branches. 


Werve endings which innervate several structures at the same time, most frequently 
the vessels and surrounding connective tissue, are found in our material. These 
receptors are known in the literature under the name of “polyvalent” receptors 

{10, 2). The structure of most of them is rather simple: an initial nerve fiber 
is divided into two branches, one of which terminates on the wall of the vessel and 
the other of which terminates in the surrounding connective tissue. 














b. i. Laveent'yev (10) attributed grea. significance to the polyvalent receptors, 
ascuming that they are the morphological expression of the short axon-reflenes 
whieh regulate the local biood supply by antidromal conduction of the vasodilating 


impulse. 


Acoording to Lavrent'yev, the polyvalent receptors should be regarded as those 
structures which can accomplish the receptor function by one part and the effector 
funetion with the other pert. 





Ye. K. Pleehkov (18) aseumes that the polyvalent receptors are the most ancient in- 
nervation apparatus in the phylogenetic sense, adapted for maintaining pressor re- 
actions existing in lower animals and the embryos of mammals and which are gradually 
replaced by depressor reactions and the corresponding reflex mechanieme. 


T. A. Griger'yeva (2) advanced the concept according to which the vascular-tissue 
receptors requlate metabolic processes on the “capillary<tieseuve” boundary, in other 
words they are 4 morphological substrate of chempreception. This point of view is 
maintained by Ya. L. Karaganov (6, 7], A. A. Otelin [14] and others. The fact is 
that rather frequentiy one of the componente of polyvalent receptors is special 
celle which, a8 indicated by experimental work with nerve resection, are derivatives 
of the glia of GShwannovekaya. This interpretation of the functional designation of 
the polyvalent receptors is especially intriguing in light of the histochemical in- 
vestigations of V. V. Portugalov (15), who regards the glial structures of the 
peripheral nerves a6 :esponsible for enzymatic and mediator processes which occur 
here. 


Thus, the vaecular-tiswue receptors in the dolphin, which has an abundant bicod- 
supply system, are the nerve apparatus by means of which the central nervous systen 
controls the intratiesvue metabolien. 


Another group of nerve endings is found in the median muscular layer of the wall of 
the meatus nasi. The pulpy fibers penetrate here together with the nonpulpy con- 
ductors consisting of general mixed nerve bundies. foth of then propagate through 
the connective-tissue interlayers which join individual muscle bundles to each 
other. Part of the pulpy fibers is separated from the nonpulpy components and 
continuing their subsequent path, penetrate the intervals between the even emailer 
groupe of muscle fibere and sometimes between individual muscular cells. Here, 
inside the connective-tiesue septa, they love their pulpiness and degenerate into 
short nonpulpy branches which soon change to terminal fibrillar lamina. The latter 
are usually located in special cells and oni are 

rectly in muscular elements. Moreover, the the 

sharply by large size, spherical shape and light color of the protoplase from the 
elongated and more strongly stained nuclei of muscular ce 

They are apparentiy similar to the nuclei of celis of Shwannovekaya and apparently 
play the role of tranemitters of stimuli from the muscle to the nerve fiber. 


The most numerous in the wall of the blowhole sac are encapsulated receptors, dis- 
tinguished by the nature of the terminal formations, the etructure of the capsules 
and the number of nerve fibers terminating in the corpusclie. The main mass of these 
receptors lies on the boundary between the elastic membrane and the epitheliur of 
the blowhole sacs. 
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Figure |. Free Enobby (a) and Bushy (6b) Werve Endings in Meatus Nasi of 
Common Dolphin: impregnation after Bil‘ shovekiy-Grose (x400) 


The encapsulated nerve endings of the bulb of Krause type (Figure }) are located 
not only in the deep, but aleo in the surface layers of the epithelial membrane, 
frequently abutting tightly against the epithelium, and sometimes penetrating far 
into ite masse, being surrounded by a thin interlayer of connective tissue. The 
walle of the perineural sheath in these encapsulated nerve bodies immediately 
change to a terminal capsule, while the Shwannovekaya elemente form the inner bulb. 
The size of the encapsulated nerve bodies of the bulb of Krause type fluctuates in 
the range of 45 % 65 ue and 50 % 125 ue. The individual terminal branches through 
the intercellular epaces of the walle of the bulbs frequently emerge beyond the 
latter and terminate in the epithelium, forming similar free clusters. 





The characteristice of the arrangement of these bulbs near the free surface of the 
epithelium of the wall of the blowhole esac are of known interest with regard to the 
possibility of penetration of pathogenic agente of some infections from the surface 
of the gucous membrane of the nose to the perineural slits of the peripheral nerve 
fibers and from here into the central nervous systen. 


The terminal bulbs are frequently enclosed with capillaries but are sometimes in 
close contact with the emall sanguiferous vessels. Moreover, they are adjacent to 
the walle of the mucous formations of the blowhole sace (Figure }, 4 and f). These 
circoumvescular formations have been described in many organs and tissues (5), spe- 
cifically, they were obeerved in the mucous membrane of the nose by 5. A. Pletnev 


[16) and Vv. F. Lashkow [11], who evaluate similar structures as receptor apparatus 
adapted for perception of stimuli related to variation of the tonus of the vascular 
walle. 


Mncapevlated glomeruli were found on tangential sections in the connective-tissue 
papillae penetrating into the epithelial lining of the sac. The number and density 
of arrangement of the branches are different. The glomeruli have 4 curved shape and 
are formed by one, and more rarely by two and three pulpy fibers from 2 to 4 ve in 
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Figure 2. Complex Unencapsulated Werve Ending With Special Celie in Wall 
of Meatus Nasi of Bottlenose Dolphin: impregnation after 
Bil ‘shovekiy-Grose (X260) 


diameter. The dimensions of the corpuscies fluctuate from 48 to 100 vm. A large 
inner bulb and capsule consisting of 2-} layers of celle with email nuciei extend- 


ing along the length is typical for these receptors. 


Unique encapsuled enendings (Figure 4) were found in some cases, for which a 
special method of terminal formation is typical. The nerve fiber, having lost it 
myelin membrane, penetrates the inner bulb of the corpuscile and passes through to 
the opposite pole, where it turns and returns to the point of ite introduction. 
Here, without branching, it makes several helical turns, curved toward the opposite 
pole, around the Longitudinal loop. The inner bulb also contains a thin nonpulpy 
fiber, the method of termination of which has not been established. This encapsu- 
lated receptor is apparently supplied with an accessor fiber--Timofeyev's apparatus. 


Investigations of the intraorgan innervation of the mucous membrane of the dolphin 
larynx indicate extensive saturation with nonafferent nerve Gevices. Most fre- 
quently, these are simply built-in receptor apparatus consisting of thin, branch- 
ing filaments lost among the cells. Sesides the branching filaments, the endings 
may be club-shaped and tendril-shaped and may also have the shape of loops and 
ringlete (Figure 5). The described endings are most frequently found in the sub- 
epithelial layer of the mucous membrane of the larynx and the largest accumulations 
of them are found in the region of the entrance to the larynx, the respiratory sur- 
face of the epigiottis and the arytenoid cartilage which surround the respiratory 
part of the rime giottidis. 


Along with simple nerve endings, complexly structured encapsulated nerve endings 
are also found in the mucous membrane of the dolphin larynx. Some authors [12) 
feel that these endings are inherent only to the human larynx and are not found 
in animals. However, we found typical encapsulated nerve endings in the mucous 
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Yigure }. Freapsulated Receptore (a-e) of Bulb of Krause Type: impregnation 
after Bil‘ shovekiy-Gross (X280) 


membrane of the larynx on oreparationse of all three of the especies of dolphins 
studied. They are located primarily in the submucous layer and are extended, some- 
times somewhat curved formations similar to the bulbe of Krause (Figure 6). The 
greatest accumulation of them is found in the region of the entrance to the larynx. 
The mucous membrane of the respiratory surface of the epigilottis is rather abunds t- 
ly saturated with them and the mucosa of the ventral wall of the larynx is saturated 
to 4 lesser Gegree. The bulbs of Krause could be found only in very rare cases in 
the mucous membrane covering the inner surfaces of the aretenocid cartilage and also 
the doreal and lateral walle of the cricoid cartil 


The closer the encapsulated nerve endings are located to the epithelium, the more 
their shape varies. from the curved shape, they acquire an oval and finally a 
rounded shape. A capsule is easily discernible in these endings. There is some- 
times 4 thick nerve fiber which has wreven contours and cccupies approximately 4/5 
of the length of the capsule inside it in the vicinity of the omall loosely arranged 
nuciei. The encapsulated nerve fillers se@mingly penetrate immediately into the 
epithelium, the thickness of which becomes approximately one-half at thie point. 
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Figure 4. Encapsulated Receptor of Golgi-Macc‘oni Type in the Blowhole of 
the Rottlenosed Dolphin: impregnation after Campos (200) 








Figure 5. Tendril-Like Piber Receptor in the Mucous Membrane of the Larynx 
of the Bottlenoesd Dolphin: impregnation after Bil‘ shovekiy- 
Grosse (x2860) 
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Figure 6. Receptor of Bulb of Krause Type in Mucous Membrane of Laryns of 
Common Dolphin: impregnation after Campos (x27#0) 


A decrease in thickness of the epithelium at the point where the nerve endings are 
located is observed not only in the presence of encapsulated but aleo above free 
unencapsulated endings. This fact is apparently of important significance and is 
related not so much to innervation of the connective tiesue and epithelium as to 
the capability of perceiving etimuli occurring during motion of the air in the lumen 
of the larynx. Werve celle arranged singly between the fibers and tightly edjacent 
to them are found along the path of the nerve stems and bundies travelling inde- 
pendentiy or comprising loops of the nerve plexi of the mucous membrane of the dol- 
phin larynx, gost frequently at the pointe where they intersect. The nerve fibers 
sometimes diverge, forming 4 ema)! espace in which one or two celle are located. 
Some stems are eplit into two bundles between which are grouped nerve celle which 
form microganglia (Figure 7). There may be different numbere of celle in the lat- 
ter. Some contain only several celle and others consiet of tense and even hundreds 
of nerve cells, most frequentiy concentrated at one point. 


The described gangliose celle are polygonal, rather large with intensively colored 
neuroplase and large, sometimes eccentrically located nucieus. They are similar in 
structure to Dogel's celle of second type. The authors found the largest number of 
them in the form of nodes slong the path of the inner branch of the cranial laryng- 


— ganglia, frequently containing only }-5 nerve celle, are constantly found 
here. These emall nerve nodes are located at the pointe where the nerve stems 
branch. Thus, the nerve nodes in the leryns of delphinids are most frequently found 


at those pointe where there is 4 lot of gucous tiesue. This fact permite one to as- 
eume that there are sensitive neurons which perceive pulees from the glands, connec- 
tive tissue and sanguiferous vessels, in the neurocellular apparatus of the laryns. 
The cranial laryngeal artery entere the larynx parallel to the inner branch of the 
cranial laryngeal nerve. Judging by the fact that the large nerve node is 
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Figure 7. Microganglia in Well of Laryngeal Cavity of Azov Dolphin: 
impregnation after Bil'shovekiy-Grose (x280) 


permanentiy located at the point where the cranial laryngeal artery and ite bran- 
chee enter the larynx and the sanguiferous vessels of different calibers are lo- 
cated in the region where the neurocellular apparatus is located, one may think 
that the nerve nodes of the larynx aleo contain vegetative nerve celle which send 
postgangiial fibers to the smooth muscles of the vessels. 


Both the inner function of the organ and 411 internal processes occurring in it are 
requlated by the stages of the nervous system to the cerebral cortex according to 
the reflex principle. Local reflex arches enclosed in the nerve nodes located in 
the organ iteelf are subordinate to the overlying sections of the central nervous 


systen. 


According to data of [17, 4, ll, 1, 9, 3), there are sensitive and vegetative-motor 
celle in the nerve nodes of the larynx for the emooth musculature. If this is so, 
then the local reflex arches of this organ are enclose’ in the intrewall nerve 
nodes themeelves. In thie case the receptors branching inside the ganglia and the 
amon collaterals signal the central nervous system about ite functional states, 
thus connecting the reflex arches of the next stage into the chain of the requlat- 
ing effect of the nervous system on the larynx. 
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(Text) It has been established by investications of the past few years that adap- 
tation to rapid swimming by 411 aquatic animals, specifically fish, followed the 
path of improving the body shape [1], increasing the power to weight ratio [12], 
changing the method of respiration and also by the emergence of different mechan- 
iems in the skin which contribute to a reduction of hydrodynamic drag [4-9]. It 
is quite natural to assume that the changes also affected the branchial apparatus 
of fish during adaptation to rapid swimmine since the gills participate in forma- 
tion of the boundary layer on a significant part of the body, thus playing a sig- 
nificant role in control of the boundary layer of a moving fish [2, 3). 






















The authors attempt in this article to follow which changes occur in the structure 
of the branchial apparatus of fish with an increase of their swimming speed and to 
determine whether there are mechaniems in this organ which specifically regulate 
the hydrodynamic properties of the ejected water flow. Representatives of two 
high-speed groups of fishes: 1) tench, roach, perch and pike swimming at Reynolds 
numbers of Re < 105 an’ 2) bonito swimming et Reynolds numbers of Re < 10°, were 
selected for this pur yose for the investigation. 


Tt was established as a result of investigations that the branchial structure of 
the examined species of fish are similar in general features and correspond to the 
literary data. However, some differences in the histological structure of the 
gills, especially upon compa:isen of fishes swimming at different speeds, were 
also found. 


As is known (16), the gills of all bony fish consist of five branchial arches, 
four natural and a fifth reduced. Each arch (Figure 1) has two rows of thin 
lanceolate epithelial processes--branchial lobes. Each of the two rows of bran- 
chial lobes is called half-gills. The gill rakers emerge to the opposite side of 
the lobes into the mouth cavity from the arches. The entire branchial apparatus 
is in the branchial cavity, covered on the outside by the gill covers. The bony 
skeleton of the branchial arch is enclosed in a layer of dense unshaped connective 
tissue, which, passing through the branchial lobes, forms a crest-like process--~- 








Figure 1. Diagram of General Structure of Gills (After Hughes): 1--branchial 
arch; ?- nerve; 3--afferent sanguiferous artery; 4--efferent san- 
guiferous artery; 5--secondary plates; 6--cartiliginous branchial 
ray; 7--branchial lobe 


the interbranchial septum. A layer of integumental multilayer epithelium is lo- 
cated above the connective tissue. The branchial lobe is a thin plate which con- 
sists of dense unsaaped fibrous connective tissue. The upper and lower sides of 
the lobes are covered with thin epithelial folds--secondary plates. The secondary 
plates are covered with a single-layer epithelium. Sections with two layers of 
epithelial cells are sometimes found. 


The cartiliginous branchial ray comprising the skeletal support of the lobe passes 
through the center of the lobe or somewhat laterally in the fish of the first 
high-speed group which we considered. In this case the epithelium which covers 

the branchial lobe is multilayered and somewhat thinned out on the ends of the 
lobes. The secretory cells, the distribution of which is irregular on different 
sections of the gills, are found in the mass of the epithelium along the entire 
surface of the branchial lobes and the secondary plates with greater or lesser 
frequency. The shape and dimensions of the secretory cells vary as a function of 
their location. These cells are arranged in the following manner on a plane histo- 
logical section: a) they are represented by small cells (6-7 microns), rounded in 
shape with small spaces between them, on the ends of the branchial lobes, b) the 
secretory cells are primrily oval in shape up to 13 microns long and the number 

an average of 100 units per millimeter in the mid-part of the lobe on the inside, 
the number of secretory cells averages 60 units per millimeter on the inside and 
they are mainly circular in shape with diameter of 7-9 microns and c) the secretory 
cells alongside the branchial arch are oval in shape up to 13 microns long and are 


arranged in compact groups. 


The thick multilayer epithelium of the branchial arch forms crypt-like folds on its 
apical end, in which cells of a somewhat different shape are found. These are very 
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large cylindrical celle (up to 30 microns long), arranged in a dense group in each 
of these crypt-like folds. They have a large nucleus located in the central or 
basal part and a granulated cytoplasm We are in all probability concerned with 
chloride-secreting cells. Only single, mucous-forming celle typical for the given 
species are found in the spaces between the crypt-like folds. 


The inside of the gill covers also participates directly in formation of the mucous 
secretion in the branchial apparatus of fishes. There are a significant number of 
mucous-forming celle in the epidermis lining the inside of the gill covers of 
tench, roach, perch and pike. 


Unlike fishes of the first high-speed group, two branchial rays comprising the 
skeletal support of the lobe pass through the edges of the lobe in the bonito, 4 
representative of the second high-speed group. The characteristic feature of the 
structure of the branchial lobes of the bonito is that cartiliginous septa (Figure 
2) are located between the two branchial rays at specific intervals. The number 
and size of the gill-rakers on the branchial arches of the bonito are considerably 
smaller than those of other considered species of fish. Moreover, the entire sur- 
face of the branchial arch is covered with natural conical teeth. 


The gills of the bonito are covered with a multilayer epithelium which is distribu- 
ted in the following manner: a) the epithelium on the ends of the lobes consists 
of 4-5 layers of epithelial cells, b) it becomes thicker in the mid-part of the 
lobe in the direction toward the branchial arch and the epithelium of the branchial 
arch consists of 20-25 layers of epithelial cells and c) the secondary plates are 
covered with a single-layer epithelium. 





Figure 2. Branchial Rays in Lobe of Bonito and Cartiliginous Septum Between 
Them (X150) 











Secretory cells of oval shape up to 18 microns long are relatively uniformly ar- 
ranged in the mass of the epithelium along the entire surface of the branchial 
lobes and the secondary plates between the epithelial cells. The multilayer epi- 
thelium of the branchial arch forms crypt<-like processes (Figure 3). Unlike fish 
of the first high-speed group, the epithelium is connected on the lateral surfaces 
of the branchial arch to the connective tissue in the form of a papillary layer 
rather than in a solid layer. A considerable number of mucous-forming cells was 
found on the inside of the gill covers of the bonito. We did not find chloride- 
secreting celle in the branchial epithelium of the bonito. 


The factual material obtained about the structure of the branchial apparatus of 
fishes, distinguished primarily by the swimming speed and method of breathing 
(active in fishes of the first high-speed and passive in the bonito) permits one 
to evaluate and explain to some degree the changes in the gill structure which are 
related to swimming speed. 





Figure 3. Crypt-Like Processes of Epithe'ium of Branchial Arch of Bonito 
With Numerous Mucous Cells (xX300) 


The adaptation of fish to rapid swimming and the related change of the method of 
respiration lead to significant changes in the structure of the branchial apparatus 
since the mode of flow through the gills changes. The flow through the gills of 
fish of the first high-speed group is more or less identical and is not dependent 
on swimming speed since respiration is subject to a specific cycle. Therefore, 

the structure of the branchial apparatus is of the same type and comparable in all 
representatives of the considered species of fish of the first high-speed group, 
although they do differ in swimming speed [14]. 


A significant increase of swimming speed of fishes resulted in a change of the 
method of respiration and this in turn resulted in a change in the gill structure. 
Thus, for example, two cartiliginous rays which support the lobe and cartiliginous 
septa between them appear in the branchial lobe of the bonito (Figure 2). These 
changes were caused, we feel, by the need to develop increased strength and stiff- 
ness of the lobe structure under the significant hydrodynamic loads on the gills 
during direct-flow respiration. 
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A papillary layer (Figure 4), which provides more rigid connection of the epidermis 
to the connective tissue, appears on the lateral surfaces of the branchial arches 
of the bonito to prevent separation of the epidermis from the connective tissue. 

We observed a similar connection of two layers in the front part of the body where 
significant hydrodynamic loads occur in fish swimming at significant speeds (the 
bonito, spotted and yellowfin tuna and sailfish). 


There were communications about the hydrodynamic role of the gill-rakere, which, 
covering the lumen between the branchial arches and the gill cover, laminarize the 
water flow, fulfilling the role of a hydrodynamic lattice [13]. Analysis of the 
literary data (11, 16) and our own observations of a number of gill-rakers in dif- 
ferent species of fish swimming at different speeds permit one to conclude that 
the gill-rakers rather perform a feeding and protective function rather than hydro- 
dynamic function. This was confirmed by the fact that a decrease of the number of 
gill-rakers and their partial reduction is observed as the swimming speed of fishes 
increases. The gill-rakers in many predatory fish, being reduced, are transformed 
to tubercles on the branchial arches, which are planted with sharp tooth-spines 
{19} designed for holding prey. Moreover, fast-ewiaming fishes (dorado) are found 
in which the gill-rakers are absent, i.e., there is no hydrodynamic lattice [13]. 





Figure 4. Papillary Layer of Epithelium on Lateral Surfaces of Branchial 
Arch of Bonito (x150) 


The secretory apparatus of the gills is undoubtedly of the most interest to hydro- 
bionics. The presence of a large number of uniformly arranged mucous-forming 
cells on the branchial arches, lobes and on the inside of the gill covers, espe- 
cially in fast-swieming fishes, presumes considerable secretion of mucous into the 
branchial cavity. It is natural that the mucous is dissolved in the ejected flow, 
as 4 result of which hydrodynamic drag is probably reduced both in the region of 
the gills and beyond them [15). 


It was shown earlier that the secretory cells in the front part of the body of 
the bonito are essentially absent and appear in sections where control of the 
boundary layer is required. Retention of active secretory fields, the functioning 
on the inside of the gill covers and directly on the gills of the bonito indicates 
in all probability their hydrodynamic role. The presence of special crypt-like 
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structures on the inside of the gill covers and sections of the skin alongside 
the cireumbranchial slit in one of the fastest ewirming fishes=-the swordfish-- 
again indirectly confirme that the mucous apparatus of the gille and of the bran- 
ehial cavity performs a hydrodynamic role. It has been even more improved in this 
ease during adaptation to rapid ewirming. 


The presence of several types of secretory celle in the branchial apparatus of 
fishes of the firet high-speed group, we feel, indicates that the secreted mucous 
substance carries a polyfunetional load, as on the body surface, and is related to 
4 significant degree to protection of the organiem against overgrowth and against 
clogging by suspended particles. Moreover, control of osmotic pressure, which is 
taken on by the chloride cells, is also required for freshwater fishes [11). 


Thus, it was established as a result of investigations that changes occur in the 
gill structure in the branchial apparatus of fishes during adaptation to rapid 
ewimming which permit one to conclude that a specific part of the hydrodynamic drag 
occurring during respiration is reduced due to the mucous-forming system. 
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fieh 2.0 meters long) alene the edge of the branchial slit, passing somewhat under 
the closing @ili cover. The crypt«like structures are located practically sione 
the entire inside of the gill covers. There are no erypte only on 4 amall section 
in the center Of the gill cover (Figure }). 





The thickness of the surface layer of skin (epithelium) ie different in different 
sections. The thinnest layer ()-4 rowe of celle) is obeerved on the crests of the 
protruding connective-tieeue ridges and «a very thick layer (30°40 rows of celis) 
is located in the center of the islet edged by the ricge. The greatest number of 
secretory celis, arranged in several rows, is also found at pointe of « strongly 
developed epithelial layer. 





Figure 1. Crypt<-like Processes of Skin of the Swordfish (x00) 


The cellular composti on of the crypt<like structures of the skin of the swordfish 
consists of two types of celle: epithelial and secretory of granular type. The 
epithelial celle are arranged along the basal membrane in the spaces between the 
secretory cells. The dimensions of the epithelial cel those 
in other sections of the body and fluctuate from 5 to 6 microns. The secretory 
celle vary slightly in their sige (15-18 microns), but 

some sections. 


| 
| 
| 
: 
| 


The process of mucous formation in the crypts of the skin of the ewordfish can 


represented in the following 
an ordinary epithelial cell 


the secretory cell is thrust to the surface 
is broken Gue to the mechanical effect of the f 


J 
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portion are enereted inte te boundary layer. The enereted native secretion swelis 
upen centact with the water and flows along the body surface. The special arrange~ 
ment of the erypt-like structures (the region of the gill covers and the circum- 
branchial elite) assumes local production and exeretion of the mucous. Formation 
of the mucous and secretion of it to the body surface of the swordfish from the 
erypt«like structure. is similar in qeneral features to the same process occurring 
in the epider’.s. Nowever, there is more abundant secretion of mucous per unit 
surf*ce an the first case, 





Figure 2. Crypt<Like Structure of Swordfish in Region of Branchial Slit (x20) 


Analysis of the swimming characteristics and the structure and arrangement of the 
crypt-Like mucous-forming structure of the skin of the swordfish permite one to 
aseume the functional significance of this formation. Since the swordfish is one 
of the fastest ewimming animals, it is quite natural that specific adaptations de- 
veloped in it during evolution which assist it to consume ite energy resoures 
efficientiy. One of these adaptations, we feel, is the crypt-like structure of 

the skin and the gill covers. The development of this formation may be represented 
in the following manner. The ewordfish, like all fast-ewieming fishes (Scombridae), 
swims with open mouth. The flow of water ejected from the gills during rapid swin- 
ming should naturally alter significantly the flow over the body and should affect 
the hydrodynamics of swimming of the fish. To compensate for the unfavorable ef- 
fect of respiration on the flow of the boundary layer, the organism developed an 
adaptation for stabilization of the ejected flow. This adaptation is related 
primarily to the physicochemical properties of the mucous. 


It is shown [2, @) that the mucous and other high-molecular substances considerably 
reduce hydrodynamic drag in small additions to the water. This also explains the 
appearance of special structures which produce mucous in “hydrodynamically unfavor- 
able iocations.” This section on the body of the ewordfiech is the branchial slit, 
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Figure }. Distribution of Crypte on Inside of Gill Cover 


where the mucous generated in the crypt-like structure of the inside of the gilli 
covers and the circumbranchial elites, interacting (being dissolved) with the water 
flow diecharged through the gills, changes ite hydrodynamic properties. A similar 
mechaniem of regulation of the water flow diecharged through the gille has also 
been obeerved in other representatives of bony fishes (9). However, it is simpli- 
fied to a significant degree since all the investigated fishes swim at lower speeds 
and the flow mode is naturally different from that of the ewordfish, which ewime 
at Reynolds numbers of Re < 10°. ‘the advanced hypothesis of the mechanism of the 
effect of crypt-like structuies of the circumbranchial section of the skin and the 
inside of the gill covers requires a qualified experimental check. 
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THE ROLE OF JOINT RECEPTORS IN CONTROL OF LOCOMOTOR ACTS OF 
EXTREMITIES OF MAMMALS 


Kiev BIONIKA in Russian Wo 12, 1978 pp 1lli-116 


[Article by W. WN. Tl'yenko, Institute of Zoology of the Ukrainian SER Academy of 
Sciences) 


(Text) One of the important problems of neurobionicse is study of the principles of 
the structure and functioning of the receptors, extremely necessary for development 
of sensors which gather various types of useful information. It is presently dif- 
ficult to name a field of science, technology and medicine which could get along 
without sensors. One can say without exaggeration that the problem of sensors is 
one of the most universal. The sensors with which the limb prostheses should be 
equipped are of special value since “one of the most significant deficiencies of 
prostheses of the human limbs is the absence of sensitivity in them” [16). It is 
that one cannot achieve smoothness of motion, accomplished proportioned com- 
ion and so on due to the absence of feedback on the part of the prosthesis. 
A unique method of developing these sensors is to study the structure and principles 
of functioning of natural “sensore”--receptors and modelling of then. 

of 


The collective the Laboratory of Bionics, Department of Evolutionary Morphology, 
Institute of Zoology of the Ukrainian SSR Academy of Sciences, studying the loco- 
motor apparatus, became convinced that improving the functioning of this apparatus 
is based on a system of controlling it, one of the fixed components of which is 
the receptor apparatus of the jointe. The importance of the joint receptors to 
functioning of the locomotor apparatus is indicated indirectly by the following 
facts. In patients suffering from disruption of conductivity of the sensing chan- 
nele of the spine [17] or from artificial deafferentation of the extremities (27, 
4, 5), motor acts are disrupted and a feeling of motion and of the position of the 
sections of the extremities in the joints disappears. It is generally impossible 
to execute highly accurate motions even controlled by vision. But as subsequent 
experiments showed (24, 8), total anaesthesia of some joints of the extremities 
leads to similar results. 


Based on extensive morphofunctional study of the joints of the extremities of 
terrestrial mammals (14), the author concludes that the main barrier in the path 
to perception of the functional dispatches of the locomotor apparatus ir the ab- 
sence of data on the structure and function of the joints, their integrated action 
and aleo the insufficiently accurate concepts on the nature of the relationship 
between the nerve periphery and the organs of locomotion. 


14) 














However, despite the importance of these probleme, little attention was devoted to 
innervation of the joints until quite recently and data on the morphology and char- 
acteristics of functioning of the joint receptors, for example, was insufficient 
for thé demands of bioceyberneticse. This is related to the fact that the joints 
themselves were regarded as passive sections of the extremities (9) and such main 
componente of the jointe as the capsule, ligament and cartilage were assiqned the 
role of passive accessories (6, 18) while a secondary role was allocated to the 
nerve structures of the jointe during regulation of locomotor acts. Therefore, 
despite the fact that the hypothesi«e was advanced even during the past century 
that the encapsulated receptors of the joints serve to determine the value of the 
joint angle (29), only the results of electrophysiological investigations conducted 
on the joints of the extremities (11, 21-23, 25, 26, 30) could serve as 4 serious 
basis to look at the nerve structures of the joints from thie aspect. It is shown 
that there are rapidly adapting (encapsulated) and slowly adapted (bush-like) re- 
ceptors in the joints and that there are also receptors which respond to motion 
only in 4 single specific direction (bending or unbending), so that the pulse 
amplitude in the nerves innervating the jointe is increased with an increase of 
the speed of locomotion and an increase of the angle of the bending-unbending mo- 
tions in the joints. Since the number of receptors included in the work increases 
with an increase of the bending-unbending angle in the joint, the hypothesis was 
advanced that each joint receptor corresponds to a specific part of the arc of mo- 
tion in the joint. Based on data of electrophysiological investigations and on the 
fact that the signals coming into the TeNS [Central nervous system) from the joint 
receptors inform it of precise localization of motion, whereas the centers receive 
data about the tension of the muscles without precise localization of this dis- 
placement from signals of the muscular receptors, the hypothesis was advanced (23), 
shared even now (17, 7), that the leading role in formation of the program which 
controls such acts of the extremity as the speed of motion and position of the 
body in space belongs to the joint receptors rather than to the muscular receptors. 


What is the mechaniem of the siqnals of the joint receptors affecting this program? 











Types of Joint Receptors o* Mammals: i1--free; 2--attached; }--encapsulated 


The entire process of locomotion, especially by a quadruped, is realized by the 
activity of specific groups of antagonistic muscles and by the geometric structure 
of the joint surfaces of the connected links, which permits mobility in the joints 
around several axes of rotation. According to new concepts [20], control of the 
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movements of the human extremities ia accomplished by a closed cycle using the 
following morphological etructures: brain-efferent nerves-kinetic patches-recep- 
tors-afferent nervese-brain. In this case the path of passage of the signals from 
the brain to the actuating system has been called the direct communication channel 
while the path of passage of the signals from the receptors to the brain has been 
called the feedback channel. Signals travel along the feedback channel from the 
receptors located directly inside the actuating system (the muscular and tendinous 
spindles, receptors of the fascies, joints and periarticular tissues). Due to 
feedback, the centers which direct locomotion receive information about the re- 
sulte of the activity of the muscles and namely the extent to which real motion 

of the given link of the extremity corresponds to the program generated in the 
TSNS. After the current changes in the work of the locomotor apparatus are com- 
pared, i.e., after the errors between the program and real motion are taken into 
account, the control system sends out new signals (direct communication), directed 
toward amplification or attenuation of the work of the muscles, connecting or dis- 
connecting them from work, i.e., specific corrections are introduced into the work 
of the extremity. Thus, the signals coming into the TeNS from the receptors play 
an important role in construction of motor acts, providing the centers with ade- 
quate and constantly incoming information on the nature of this motion and namely 
on the rate and localization of displacements between the links of the extremities. 
In other words, the signals coming from the receptors to the centers carry import- 
ant information about the result of the action of the centers on the actuating 
system. It follows from this that the actuating system, due to feedback signals, 
controle itself to some extent. This agrees with the concepts [1] that “any func- 
tional system is continually cyclic in nature and may not exist if it does not re- 
ceive feedback on the degree of usefulness of the effect produced." 


Which joint receptors perform this role and what is their special function in 
this process? 


We and other neuromorphologists [2, 10, 13, 19, 28] determined receptors of three 
types--free, attached and encapsulated (Figure), in the joints of the extremities 
of a number of terrestrial mammals. There is the opinion [17] that the participa- 
tion of the joint receptors in coordination of the work of the extremity would be 
impossible if it were not specialized to perception of specific types of stimuli. 
The characteristics of functioning of any receptors are studied by special methods 
utilized by physiologists. And since only the rate of adaptation is determined by 
these methods for the toint receptors, we proceeded from the structural character- 
istics of the receptors, their localization in individual components of the joints 
and among individual structures of these components, the role of these components 
in the work of the joint and also from data known in the literature on the function 
of similar receptors of other tissues when solving the problem of specialization of 
the joint receptors to specific stimuli. 


Based on the fact that the main mass of free joint receptors is localized in the 
walls of the sanguiferous vessels, joint tissues, in the covering layer of the 
synovial membrane, the synovial villi and the joint cartilage (other types of re- 
ceptors are almost never found in these components) and also due to the fact that 
a specific role is ascribed to these components of the joints--production and util- 
ization of the synovia, one may assume that the free receptors of these very com- 
ponents of the joints signal the centers through the feedback chanrels of the 
quantity and physical and chemical properties of the synovia. 
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During functional analysis of encapsulated receptors, we proceeded on the basis 
that different shapes of them which we determined in the joints (bulb of Krause, 
Ruffini's corpuscle, Golgi-Maccioni's body and the pacinian corpuscle) have an 
essential similarity of structure with the more complex and more fully studied 
encapsulated receptors--the pacinian corpuscles of the mesentery of the cat. The 
results of electrophysiological investigations [12] show that the pacinian cor- 
puscles of the mesentery are typical rapidly adapting mechanoreceptors. Electro- 
physiological investigations of the joints with subsequent histological monitoring 
of the nerve structures of the joint capsule [30] showed that a quality such as 
rapid adaptation is also inherent to the encapsulated joint receptors. Encapsu- 
lated joint receptors generate signals in response to tension or compression of 
the joint capsule. Therefore, based on the similarity of structure, localization 
(deep collagenous-elastic layer of the synovial membrane, fibrose membrane of the 
capsule and ligament of the joint, the perichondrium and in these tissues--among 
the collagenous bundles, alongside the sanguiferous vescels and nerve stems) and 
data of electrophysiological investigations, we assume that the encapsulated joint 
receptors, like the pacinian corpuscles of the mesentery, are mechanoreceptors. 


The functional dispatches of the attached receptors in the organism, compared to 
dispatches of the free and encapsulated receptors, have been weakly studied. 

Taking into account that the attached receptors are localized mainly in the same 
components of the joint as the encapsulated receptors, one may assume that these 
receptors also respond to mechanical stimuli. But based on the structural features 
of attached receptors, one should assume that the perception of these stimuli is 
obviously somewhat different in nature itself that perception by the encapsulated 
receptors. ' 


The source of mechanical stimuli in the joints of the extremities are the follow- 
ing phenomena: tension and thickening of the joint capsule, displacement of bun- 
dles of collagenous fibers, especially during rotational motions in the joints, 
pressure of the synovial fluid moving in the joint cavity during motion in the 
joints, compression acting on the joints from the outside (compression and vibra- 
tion) and passage of a pulse wave and turgor of the fluid of the perineural vagina. 
As @ result, weak mechanical forces acting on the wall of the encapsulated recep- 
tors or on the terminal apparatus of the attached receptors located in the tissues 
of the joints among the collagenous bundles, alongside the walls of the sanguifer- 
ous vessels or the perineural vagina of the nerve stem occur. Among the enumerated 
phenomena, we feel that the main ones should be regarded as tension of the joint 
capsule andppressure of the synovial fluid, which according to [15, 3], moves in 
the joint during functioning of the extremity. Since these phenomena occurred 
constantly in the joints during phylogenesis, part of the joint receptors, perform- 
ing the role of mechanoreceptors, adapted to their effect. 


Thus, the joint receptors deliver information to the centers on compression, the 
direction and speed of tension of the joint fluid, on the quantitative and quali- 
tative composition of the synovial tissue and so on. This information is compared 
to the program which controls locomotion and specifically the work of the joint. 
If errors appear between the program for a given work mode of the joint and infor- 
mation about the processes occurring in the components of the joint at each new 
moment (for example, insufficient synovia, overbending of the joint or too strong 
compression of the cartilage), the control system sends signals through the direct 
communication channels to the muscles, sanguiferous and other systems capable of 
eliminating this error by bringing all the indicators of the joint to an optimum 
state. 


144 








4. 


10. 


ll 


12. 


13. 


14. 


15. 


16. 


Anokhin, P. K., “Biologiya i neyrofiziologiya uslovnogo refleksa" (The Biol- 
ogy and Nuerophysiology of the Conditioned Reflex], Moscow, Nedgiz, 1968. 


Bagryanskiy, I. B., “Comparative Analysis of the Development of Innervation 
of the Femur-Hip Joint in the Antenatal Ontogenesis of Man and Some Maturonate 
Animals,” Author's Abstract of Candidate Dissertation, Voronezh, 1974. 


Berezkin, A. G., “The Lability of the Synovial Fluid,” in “Mekhanizmy poveden- 
iya i orientatsii zshivotnykh" (The Mechanisms of the Behavior and Orientation 
of Animals), Moscow, 1969. 


Bernshteyn, N. A., "O postroyenii dvizheniy" (On the Structure of Motion), 
Moscow, Medgiz, 1947. 


Beritov, I. S., “Obshchaya fiziologiya myshechnoy i nervnoy sistemy” (The 
General Physiology of the Muscular and Nervous System), Vol 1, Moscow, 
Meditsina, 1966. 


Volynskiy, F. A., Book Review "Voprosy innervatsii sustavov i kostey” [(Prob- 
lems of Innervation of the Joints and Bones), Kazan', 1951. 


Granit, R., “Osnovy regulyatsii dvizheniy” (Fundamentals of Regulation of 
Motion], Moscow, Mir, 1973. 


Gurfinkel', V. S., Ya. M. Kote and M. L. Shik, "“Regulyatsiya pozy cheloveka" 
(Regulation of Human Posture), Moscow, Nauka, 1965. 


Diterikhs, M. M., “Vvedeniye v kliniku sabolevaniy sustavov" [Introduction to 
Clinical Practice of Joint Diseases), Moscow-Leningrad, Medgiz, 1937. 


Drobyshev, V. I., “Development of Innervation of the Large Joints of the 
Extremities in Antenatal Ontogenesis of Man,” Author's Abstract of Candidate 
Dissertation, Voronezh, 1960. 


Zalkind, V. I., “Electrophysiological Investigation of the Functions of the 
Receptors of the Radiocarpal Jc nts of the Cat," Author's Abstract of Candi- 
date Dissertation, Leningrad, 1972. 


Il'inskiy, 0. B., “Voprosy fiziologii sensornykh sistem (obzory). Mekhano- 
retseptory” (Problems of the Physiology of Sensory Systems (Reviews). Mechan- 
oreceptors), Leningrad, Nauka, 1967. 


Il'yenko, M. M., “Tipi nervovikh zakinchen' ta ikh topografiya na nervovomu 
volokni v suglobakh kintsivok deyakikh ssavtsiv,” DOPOV. AN URSR, No 8, 1971. 


Kas‘yanenko, V. G., "Special Physiology of the Organs of Locomotion of Mammals 
as One of the Timely Problems of Comparative Morphology,” ZOOLOGICHESKIY 
ZHURNAL, Vol 38, No 4, 1953. 


Kozhevnikov, S. N., S. F. Manziy and I. M. Pryakhin, “Improving the Classi- 
fication of the Joints of Animals,” PRIKLADNAYA MEKHANIKA, No 1, 1965. 


Lomov, B. F., “Chelovek i tekhnika. Ocherki inzhenernoy psikhologii” [Man 


and Technology. Essays on Engineering Psychology), Moscow, Sovetskoye Radio, 
1966. 


145 





—- 
— 








17. 


18. 


23. 


24. 


25. 


27. 


29. 


30. 


Oganisyan, A. A., “Blektrofiziologiya provodyashchikh putey spinnogo mozga" 
[The Electrophysiology of the Conducting Pathways of the Spine), Moscow, 
Nauka, 1970. 


Sergeyev, Yu. P., “Morfologicheskiye osnovy reflektornykh kontraktur” (The 
Morphological Bases of Reflex Contractures), Moscow, Meditsina, 1964. 


Fedorov, V. P., “Development of the Innervation of the Knee Joint During Ante- 
natal Ontogenesis of Man and Some Maturonate Animals," Author's Abstract of 
Candidate Dissertation, Voronezh, 1975. 


Chkhaidze, L. V., “Koordinatsiya proizvol'nykh dvizheniy cheloveka v uslov- 
iyakh kosmicheskogo poleta" (Coordination of Voluntary Movements of Man Under 
Space Fl ght Conditions), Moscow, Nauka, 19658. 


Andrev, V. G. and E. Dodt, “The Deployment of Sensory Nerve Endings of the 
Knee Joint of the Cat,” ACTA PHYSIOL. SCAND., Vol 28, No 4, 1953. 


Boyd, J. A. and T. D. Roberts, “Proprioceptive Receptors in the Knee Joint of 
the Cat,” JOURNAL OF PHYSIOLOGY, Vol 122, No 2, 1953. 


Boyd, J. A., “Nerve Impulses From Proprioceptors in the Knee Joint of the Cat,” 
JOURNAL OF PHYSIOLOGY, Vol 119, No 8, 1953. 


Brown, J., G. Lee and N. Ring, “The Sensation of Passive Movement of the 
Metatarso-Phalangeal Joint of the Great Toe in Man,” JOURNAL OF PHYSIOLOGY, 
Vol 126, No 4, 1954. 


Gardner, E. D., “The Innervation of the Knee Joint,” ANAT. REC., Vol 101, 
No 1, 1948. 


Godwin-Austern, R. B., “The Identification of Mechanoreceptors in the Costo- 
vertebral Joint Excited by Displacement of the Ribs,” JOURNAL OF PHYSIOLOGY, 
Vol 130, No l, 1967. 


Mott, F. W. and Cc. S. Scherrington, “Experiments on the Effect of Sensory 
Nerves on the Movement and Nutrition of the Limbs. Preliminary Communica- 
tion,” PROC. ROY. SOC., Vol 57, No 3, 1895. 


Polacek, P., “Receptors of the Joint, Their Structure, Variability and 
Classification,” No 23, Brno, 1966. 


Rauber, A., “Untersuchungen uber das Vorkommen und die Bedeutung der Vater- 
schen Korperchen,” Munchen, 1967. 


Scoglund, S., "Anatomical and Physiological Studies of Knee Joint Innervation 
in the Cat,” ACTA PHYSIOL. SCAND., Vol 36, No 1, Suppl. 124, 1956. 


COPYRIGHT: Izdatel'stvo “Naukova Dumka", 1978 


6521 
CSO: 


8344/0332 END 


146 








END OF 
FICHE 
DATE FILMED 


re me: 











r~ 








